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ABSTRACT 
 Non-typhoidal Salmonella are major human foodborne pathogens causing 
gastroenteritis. The consumption of pork products is considered as a risk factor for human 
salmonellosis.  Numerous researchers are interested in the epidemiology and ecology of 
Salmonella along the pork production chain because of the recognition of its importance 
for developing control strategies at pre- and post-harvest stages. However, the application 
of various types of epidemiologic data to establish useful approaches for Salmonella 
interventions still has a great potential for development. In this dissertation, our long-term 
goal is to explore some methodological approaches for addressing the pre- and post-
harvest Salmonella interventions.  This dissertation is organized as follows. The first 
chapter is a brief discussion of the current knowledge about the Salmonella epidemiology 
from pigs to pork products and potential approaches for determining pre- and post-harvest 
Salmonella control points. The second and third chapters elucidate the epidemiology of 
Salmonella in pork by evaluating the predictive ability of sub-iliac lymph nodes and the 
tracing ability of amplified fragment length polymorphism (AFLP) to determine the farm 
source of the Salmonella contamination at abattoir.  Chapter 4 illustrates the application 
of a quantitative risk assessment approach to assess the impact of deep tissue lymph 
nodes on Salmonella contamination in ground pork.   
 In Chapter 2, we tested the hypothesis that sub-iliac lymph nodes could be used as 
a marker for farms with a high prevalence of Salmonella. Salmonella were recovered 
from 3.4% of 1,490 farm fecal samples and only 0.06% of 1,739 sub-iliac lymph nodes, 
which were from matched pigs and carcasses. Of 21 farms, 71.4% had at least one 
positive fecal sample, and 4.2% (of 24 farms) had at least one positive sub-iliac lymph 
node. The low detection rate of Salmonella in sub-iliac lymph nodes (0.06%) limits their 
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usefulness as dependable pre-harvest predictor of Salmonella contamination originating 
on farm (3.4%).  
 In Chapter 3, we aimed to evaluate the association of molecular methods of 
Salmonella typing with units of swine production. To assess interventions utilizing 
molecular tools, knowledge of the production unit that a molecular tool is capable of 
differentiating is needed. The approach was to use analysis of molecular variance 
(AMOVA) based on amplified fragment length polymorphism (AFLP) data to describe 
genetic variance between Salmonella isolates three hierarchal production units, i.e., farms, 
harvest cohorts within farms and pigs within harvest cohorts. The results of AMOVA 
found that 27.2% of overall genetic variation was due to variance among farms (P-value 
= 0.003), which indicated that AFLP was able to differentiate Salmonella isolates of 
swine source epidemiologically between the farms. A permutation test using AFLP data 
provided evidence that on-farm and at-abattoir Salmonella from pigs of the same farms 
were more related than from different farms (P-value = 0.04), which suggested AFLP was 
able to link the abattoir contamination to the farm origin. 
  Chapter 4 employed a quantitative risk assessment model to evaluate the 
contribution of deep tissue lymph nodes (DTLNs) to ground pork Salmonella 
contamination in the United States. A scenario analysis was conducted to compare the 
differences in the probability of Salmonella contaminated ground pork when three input 
parameters  related to Salmonella contamination in DTLNs were modified ( 1) probability 
of a swine carcass with Salmonella positive DTLNs, 2) Salmonella concentration in 
DTLNs, and 3) weight of DTLNs from a single carcass contributing to ground pork). The 
scenario analysis showed when the input parameter, probability of swine carcasses with 
Salmonella positive DTLNs, was changed from baseline value to half of the value and 
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then zero, the estimated mean probability of Salmonella contaminated ground pork 
changed from 8.3% to 8.1% and 7.8%, respectively. Similar minor changes were 
observed when the other two input parameters were changed. In contrast, the estimated 
probability of Salmonella contaminated ground pork significantly increased when the 
parameter related to the amount of contaminated surface was increased. However, the 
impact of DTLNs was very stable through different levels of surface area contamination. 
These findings indicated that in our proposed model of how lymph nodes were 
incorporated into ground pork production, the presence of Salmonella in DTLNs didn’t 
have an impact on Salmonella contamination in ground pork compared to other 
intervention strategies such as mitigation of Salmonella on carcass surface. The 
intervention of DTLNs at processing plants might not be able to effectively reduce the 
Salmonella contamination in ground pork. 
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CHAPTER 1. GENERAL INTRODUCTION 
Non-typhoidal Salmonella are major human foodborne pathogens causing 
gastroenteritis (Tokumaru et al., 1990). Salmonella have been estimated to cause 
1,027,561 cases of human salmonellosis, resulting in 19,336 hospitalizations with almost 
378 deaths each year in the United States (CDC, 2011). Approximately, 95% of non-
typhoidal salmonellosis in humans is associated with foodborne contamination (Miller et 
al., 2005). Outbreak data indicate salmonellosis has been associated with a variety of 
foods, including eggs, poultry, red meat, chocolate, milk products, salads, fruits and 
vegetables, fish and fishery products (Bell and Kyriakides 2002; Hughes et al., 2007).  
Although pork is not a common source of Salmonella in humans, Salmonella are 
one of the most frequently isolated bacterial pathogens within pork products. Swine can 
be both carriers and shedders of Salmonella asymptomatically, and up to 48% of the 
United States swine herds harbor the organism (Callaway et al., 2005). It has been 
estimated that 1% of Salmonella infections in humans are caused by the consumption of 
contaminated pork or processed foods derived from pork in the United States (Guo et al., 
2011). However, in Europe it is estimated at about 15% (Hald et al., 2004; Pires et al., 
2010). The consumption of pork products is considered as a risk factor for human 
salmonellosis. 
Since Salmonella are ubiquitous, many procedures along the farm-to-consumption 
continuum affect contamination of pork products. These include pre-harvest stages of 
pork production such as on-farm practices, transport, holding at abattoir, and post-harvest 
stages such as slaughter, fabrication, etc. Obviously, the numerous stages enable a large 
number of control points to be considered. In Europe, programs for Salmonella are 
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implemented on farm and at slaughter plant (Lo Fo Wong et al., 2002; Maijala and 
Peltola, 2002; Sandberg et al., 2002). However, in the United States, Salmonella control 
processes have not been commonly introduced on farm (USDA FSIS, 1996). This 
disparity may be due to difference in political approach or different understanding of 
Salmonella ecology (Stärk et al., 2002). 
 Despite conflicting evidence about where interventions can most efficiently be 
applied, pressure still exists to address various control points along the continuum. The 
working hypothesis for the need of pre-harvest control is that Salmonella are introduced 
onto carcasses as a result of fecal contamination and the extent to which this happens is 
affected by the degree of carriage in the live animals (Humphrey, 2000). Currently, 
several Europe countries currently employ a variety of testing scheme based on serum 
“meat juice” samples collected at abattoir to identify farms needing pre-harvest 
interventions. For example, in the Danish pig production system, an indirect enzyme-
linked immunosorbent assay (ELISA) for detection of antibodies in meat juice is used for 
Salmonella surveillance of slaughter pig herds (Nielsen et al., 1998). Similar programs 
are present in Germany (Osterkorn et al., 2001) and Belgium (Cortiňas Abrahantes et al., 
2009).  The farms are categorized in three levels based on the proportion of seropositive 
meat juice samples during the last 3 months. Farms in level 2 and 3 are encouraged to 
seek advice on how to reduce the Salmonella problem in the herd. Feeding strategy (e.g., 
increased coarseness of feed and wet feeding) and improved management (e.g., sectioning 
and all-in all-out production) and hygiene standards are important elements in the pre-
harvest control efforts (Stege et al., 2001).Pigs from farms in level 1 and 2 are harvested 
traditionally without any special precautions. Pigs from level 3 farms only are harvested 
in special abattoir under special hygienic precautions (Wegener et al., 2003). 
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 However, the Danish experience using meat juice at the abattoir indicates two 
related concerns about on-farm control. First, the approach to determine candidate farms 
for pre-harvest intervention might not be economically efficient. As Salmonella control 
practices conducted on pre-harvest stage, infection level on the farms can likely be 
reduced (Figure 1). As relatively fewer farms carry high levels of Salmonella from the 
farm to abattoir (Barber et al., 2002; Gebreyes et al., 2006; Farzan et al., 2006; Wang et 
al., 2010), the sampling of farms has become more expensive because testing for 
contamination requires increasingly large numbers of samples. Second, the “meat juice” 
approach to finding the farms indirectly using the prevalence of antibodies as proxy for 
risk is inaccurate. Bacteriological monitoring of Salmonella being present in the intestines 
gives the best indication of the distribution of Salmonella on farms and facilitates the 
introduction and monitoring of control measures (Bager and Baggesen, 1993). However, 
it is difficult to find agreement between bacteriology of fecal carriage and serology at 
slaughter (Davies et al., 2003; Nollet et al., 2005). If pig farms are categorized using 
serological tests in the abattoir, one should be aware of the fact that slaughter pigs can 
still harbor Salmonella in the intestinal tract, without being detected in serological test. 
Therefore, a more effective approach to determine on-farm Salmonella status and 
subsequent candidate farms for pre-harvest intervention is needed in practice, which is 
explored by the work in Chapter 2.  
 The Danish experience of national Salmonella surveillance and control program 
integrated with both pre- and post-harvest intervention practices also indicates pre-harvest 
interventions may have little effect over and above post-harvest on food safety. Alban and 
Stärk (2005) developed stochastic risk assessment model to simulate the prevalence of 
Salmonella infection during production process from the live pig on the farm, to the final 
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carcass. Their study found that if all swine farms in Denmark were among the highest 
level of risk (Level 3), the estimated prevalence of Salmonella positive carcasses would 
be 3.9% (90% confidence interval: 2.7-5.3%). If no level-3 pigs were delivered to the 
abattoirs, then the prevalence would still be 3.2% (90% confidence interval: 2.2-4.3%). In 
contrast, post-harvest interventions at some critical control points such as singeing, 
evisceration, and post-processing handling, had relative high effect on the Salmonella 
contamination of swine carcasses. This result indicates there is a relative small effect on 
the improvement of pork product safety from pre-harvest interventions. Hurd et al., (2008) 
concludes the same that the pre-harvest interventions on farm have minimal impact in 
reducing the number of positive carcasses and pork attributable human cases (PAHC) and 
most of the reductions in PAHC are due to various improvements in abattoir processes.  
Although significant performance standard have been made in decreasing 
Salmonella contamination at post-harvest in the United States, such as Hazard Analysis 
and Critical Control Point (HACCP) systems (USDA FSIS, 1996), it is expected that 
standards at abattoir will become more stringent, creating pressure from packers and 
processors to reduce prevalence of Salmonella positive swine through pre-harvest 
intervention. However, it is difficult to assess the efficacy of pre-harvest control because 
of the continual nature of the production system. The impact of lairage and at-abattoir 
cross-contamination after on-farm Salmonella infection on food safety risk makes it 
difficult to “see” the effect of pre-harvest interventions. For both pre-harvest interventions 
on farm and post-harvest interventions at abattoir, the most commonly used outcome is 
carcasses prevalence of Salmonella (USDA FSIS, 2010; Kranker et al., 2003). Therefore, 
post-harvest interventions may mask, hide or take credit for the impact of pre-harvest 
intervention. To see the impact of each intervention, it is necessary to be able to trace a 
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marker for the intervention back to either point of intervention. The use of subtyping 
methods based on genetic characteristics might be able to accelerate our understanding of 
how to trace Salmonella contamination at abattoir to farm origin. 
 A number of genotyping methods are available to subtype Salmonella organisms, 
such as pulsed field gel electrophoresis (PFGE), multi-locus sequence typing (MLST), 
amplified fragment length polymorphism (AFLP), restriction fragment length 
polymorphism (RFLP) and infrequent restriction-site PCR (IRS-PCR) (Foley et al., 2007). 
The choice of an appropriate genotyping method depends on the ability to associate the 
epidemiological unit of concern and the epidemiological unit of differentiation of which 
the method is capable. An example of this idea is using PFGE to trace the food source 
contamination of salmonellosis outbreaks. The usefulness of PFGE to trace outbreaks is 
based on whether it could associate the pathogens from contaminated food sources with 
those from human cases together within the same outbreak and separate between different 
outbreaks (Gerner-Smidt et al., 2006), which means “associate isolates with meaningful 
epidemiological outcomes”. The employment of PFGE in outbreak investigation is 
however currently being challenged. In the multistate Salmonella Enteritidis (SE) 
outbreak related to shell eggs in 2010 (CDC, 2010), PFGE was not sufficiently 
discriminator for the outbreak because PFGE lacks discriminatory power for highly 
clonal Salmonella serovar Enteridis. The PFGE pattern JEGX01.0004 is investigated in 
both illness and food source in the egg outbreak. However, the United States Department 
of Agriculture’s Food safety and Inspection Service has investigated a nationwide 
increase of SE infections with an indistinguishable PFGE pattern of JEGX01.0004.  
Because the SE PFGE pattern commonly occurs in the United States, some of the cases 
identified may not have been related to this outbreak. Therefore, the traditional PFGE is 
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not able to associate the isolates with the epidemiological unit, i.e., outbreaks. To 
purposefully determine the pre-harvest source of Salmonella contamination and the 
impact of interventions in the context of swine production, the application of an 
inappropriate genotyping method could produce the similar issue. Therefore, in the face 
of this situation, it will be necessary to determine a method of Salmonella typing that can 
be associated with the unit of production where the intervention is applied, e.g., 
associated with swine farms. Chapter 3 focuses on this question.  
 However, evaluation of the impact of intervention in the context of swine 
production via subtyping method is not a trivial exercise, because it requires ability to 
trace the live pigs or carcasses directly to batches of pork products. For example, one 
subtype of Salmonella isolates is continuously observed in a harvest cohort of pigs 
starting from on farm to before singeing at abattoir. After singeing step, isolates of this 
subtype is never observed from the same cohort of carcasses at any processing step till the 
final pork products derived from that cohort of pigs. Therefore, singeing could be 
considered as important risk-reduction factors in the harvest process. Unfortunately, such 
a tracing is something very difficult in commercial production systems.  
Alternatively, many quantitative risk assessment models (QRA) are developed to 
evaluate the effect of different risk management interventions, which either could focus 
on the whole production chain or concentrate on certain stages of the food chain and more 
closely investigate interventions or processing techniques used. For example, the result of 
Belgian farm-to-fork QRA showed Salmonella reduction during polishing, evisceration 
and chilling would be the most effective strategies of the harvest process while processes 
at the beginning of the slaughter process seem to have only a limited effect for reducing 
human salmonellosis through household consumption of fresh minced pork (Bollaerts et 
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al., 2010). Alban and Stärk (2005) developed a QRA model starting from live pigs to 
chilled carcasses to show that a low prevalence of Salmonella in the live pigs, 
improvement in singeing efficiency, and a reduction of cross-contamination during 
degutting and handling at slaughter were considered as important risk-reduction factors. 
The reason why QRA can be used to evaluate any interventions along the production 
chain for improving the final food safety is the risk pathway of QRA model is subdivided 
in a number of stages of processing (modules). The prevalence and/or enumeration of 
foodborne pathogen contamination on or in a product unit after every module are 
calculated as a function of the model inputs and of the prevalence and/or number of 
bacteria on the product unit before the module. The model inputs are related to the 
interventions, such as the efficacy of singeing, the degree of cross-contamination at 
fabrication, etc. The final model is obtained by linking the modules, hence passing 
information from one to the next and passing the effect of interventions to the risk of 
foodborne contaminated final food products.  Therefore, the quantitative risk assessment 
modeling approach could be used to estimate the effectiveness of Salmonella 
interventions. 
The overall objective of the dissertation research was an attempt to explore the 
methodological approaches for addressing the pre- and post-harvest interventions for 
Salmonella control. This dissertation is subdivided into three studies to achieve the long-
term goal. 
• In Chapter 2 “Sub-iliac lymph nodes at slaughter lack ability to predict Salmonella 
enterica prevalence for swine farms”, we hypothesized that the presence of 
Salmonella positive sub-iliac lymph nodes collected at abattoir was a useful tool 
to predict swine farms of relatively high Salmonella prevalence.  
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• In Chapter 3 “Salmonella enterica in swine production: Assessing the association 
between amplified fragment length polymorphism and epidemiological units of 
concern in swine production”, we hypothesized AFLP was an genotyping method 
suitable for determining the swine farm source of Salmonella contamination at 
abattoir, therefore pinpointing the candidate farms for pre-harvest intervention.  
• In Chapter 4 “Evaluation of the impact of swine deep tissue lymph nodes on 
Salmonella spp. contamination in ground pork using a quantitative risk assessment 
modeling approach”, we hypothesized Salmonella in phagocytes and leucocytes 
within deep tissue lymph nodes might contribute to Salmonella in ground pork 
and therefore posed a risk to public health.  
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Figure 1. Prevalence of Salmonella in Danish pig herds as determined by continuous 
serologic testing of all commercial pig herds (referenced in Wegener et al., 2003). Farms 
are categorized in three levels based on the proportion of seropositive meat juice samples 
collected at abattoir. Farms in Level 2 and 3, of higher risk of Salmonella infections than 
Level 1, are encouraged to be implemented ranging from on-farm hygiene procedures to 
strategic harvest times. The prevalence of swine herds in level 2 and 3 respectively, has 
been steadily reduced since the national Salmonella surveillance and control program 
began in 1995.   
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CHAPTER 2. SUB-ILIAC LYMPH NODES AT SLAUGHTER LACK ABILITY 
TO PREDICT SALMONELLA ENTERICA PREVALENCE FOR SWINE FARMS 
A manuscript published by Foodborne Pathogens and Disease  
(Wang, B., Wesley, I. V., McKean, J. D., O’Connor, A. M. (2010). Sub-iliac lymph nodes 
at slaughter lack ability to predict Salmonella enterica prevalence for swine farms. 
Foodborne Pathogens and Disease, 7, 795-800) 
Bing Wang, Irene V. Wesley, James D. McKean, Annette M. O’Connor 
 
ABSTRACT 
The aim of this study was to assess the value of deep systemic sub-iliac lymph 
nodes collected at slaughter as predictors of Salmonella prevalence in live hogs. An 
observational study was conducted on 24 farms from September 2006 to February 2009. 
At least one cohort of market weight pigs was visited for each farm. Within each cohort, 
30 farm fecal samples on farm and 30 sub-iliac lymph nodes from matched pigs at 
slaughter were collected. Samples were cultured for Salmonella enterica and serotyped by 
conventional methods. Overall, 3.4% (51 of 1,490) of farm feces and 0.06% (1 of 1,739) 
of sub-iliac lymph nodes were Salmonella positive. 71.4% (15 of 21) of farms had at least 
one positive fecal sample, and 4.2% (1 of 24) had at least one positive sub-iliac lymph 
node. The median within-farm prevalence of Salmonella in farm fecal samples was 1.7% 
ranging from 0% to 38.3%; for sub-iliac lymph nodes the median was 0% ranging from 
0% to 1.1%. The median within-cohort prevalence in farm fecal samples was 0% ranging 
from 0 to 43.3%; for sub-iliac lymph nodes the median was 0% ranging from 0 to 4%. 
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The predominant serotype detected was Derby, followed by Anatum and Typhimurium 
(Copenhagen). Salmonella Braenderup was recovered from the sub-iliac lymph node. The 
low detection rate of Salmonella in sub-iliac lymph nodes (0.06%) limits its usefulness as 
a dependable predictor of Salmonella contamination originating on farm (3.4%).  
 
INTRODUCTION 
Salmonella enterica are major human food-borne pathogens causing 
gastroenteritis (Tokumaru et al., 1990), resulting in an estimated 1.4 million cases and 
500 deaths annually in the United States (Mead et al., 1999). In several food-borne 
disease outbreak investigations, pork has been identified as a source for human 
salmonellosis (Delpech et al., 1998; Molbak and Hald, 1997; Murase et al., 2000; 
Pontello et al., 1998). In Europe, Salmonella enterica is a frequently reported pathogen 
correlated with pork consumption (Fosse et al., 2008).  The most efficient interventions to 
reduce food-borne diseases likely occur post-harvest including carcass processing 
practices and proper food storage, handling, and preparation. However, responsibility for 
a wholesome product extends beyond retailers and packers to pork producers. Key to 
applying pre-harvest interventions at the farm level to reduce Salmonella enterica is rapid 
and accurate identification methods for candidate farms suitable for interventions. 
Serological testing of diaphragm muscle meat juice samples for antibodies to 
Salmonella has been used by several countries to identify farms likely to have a high 
prevalence of Salmonella, and therefore candidates for pre-harvest interventions 
(Mousing et al., 1997; Osterkorn et al., 2001; Quirke et al., 2001). The US pork industry 
has not adopted the on-farm Salmonella control programs employed by European 
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programs. Diaphragm muscle meat juice samples have a significant advantage over other 
approaches as samples can be collected at harvest (Nielsen et al., 1998). Such a sampling 
method simplifies logistics and reduces costs as many swine production sites are 
processed at a single abattoir daily. Despite adoption by several countries this approach is 
limited by the prevalence of Salmonella antibodies in the tissues of the diaphragm and 
may be an imperfect monitor of Salmonella prevalence beyond the carcass such as the 
farm level. This disconnect arises because antibodies persist long after infection has been 
cleared by the host (Casey et al., 2004; Nielsen et al., 1995).  The gut-associated lymph 
nodes can also be readily collected at slaughter but these tissues are poor predictors of on-
farm Salmonella status. The association is confounded by transient Salmonella introduced 
into the gut from the lairage environment immediately prior to harvest (Hurd et al., 2001, 
2002; Larsen et al., 2003). 
Prior studies have shown that the proportion of high Salmonella prevalence farms 
in the US is low (McKean and O’Connor, 2009; O’Connor et al., 2006), therefore a 
strongly correlated screening tool collected at slaughter must also have low prevalence. 
Limited small studies with relatively large variation in prevalence suggested non-gut-
associated lymph nodes may be a candidate tissue for evaluation: 0% in 300 superficial 
cervical lymph nodes (Bahnson et al., 2006b); 0.4% (1 of 272); 2% (4 of 181) in ventral 
thoracic lymph nodes and sub-iliac lymph nodes (Hurd et al., 2001; Larsen et al., 2003). 
Based on these data, sub-iliac lymph nodes were selected as the tissue for evaluation as a 
screening tool as these tissues are rarely positive and easy to collect. 
The objective of this study was to evaluate the predictive value of deep systemic 
sub-iliac lymph nodes, tissues that are easily collected at harvest either during carcass 
processing or in the post-harvest cooler. It was hypothesized that if there was a strong 
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association between presence of Salmonella in sub-iliac lymph nodes and the prevalence 
of pigs shedding Salmonella in the feces, then deep systemic sub-iliac lymph nodes could 
serve as a readily accessible tissue for identifying farms with a high prevalence of 
Salmonella. Easier identification of farms with a high prevalence of Salmonella would 
facilitate research and screening programs. Therefore, this tissue could be an alternative 
to the current screening tool for Salmonella on-farm control programs, not associated 
with antibodies and gut-associated lymph nodes.  
 
MATERIALS AND METHODS  
Study population 
This study was conducted in compliance with guidelines detailed in the Iowa State 
University (ISU) Committee for Animal Care No. 5-05-5897-S application.  
Candidate farms were identified based on geographic location. The project was 
described to owners/managers of 130 premises who were invited to participate. In the 
year prior to the study, these 130 premises slaughtered between 8 and 103,000 swine, 
with an average of 3,200 swine. Twenty-seven farms in the US Midwest agreed to 
participate. For owners/managers who declined to participate, no further contact was 
made. For owners who agreed to participate the next step in enrollment was to identify 
when the producers would ship pigs to the study abattoir during the study period of 
September 2006 to February 2009.  
Once a farm had notified the team that a cohort of pigs was ready for slaughter, a 
farm visit was scheduled.  At the farms, sampling frames were not available; therefore a 
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formal random selection process was not used to identify study units. Instead, prior to 
selecting animals, farm staff marked those to be marketed, and the team walked the barn 
and selected marked animals based on convenience. The team was instructed to sample 
from multiple pens, excluding recumbent pigs. 
 The slaughter plant used in the present study has a capacity of 17,000 hogs per 
day. Processing steps included CO2 euthanasia, bleeding, stunning, scalding, dehairing, 
singeing, polishing, evisceration, decapitation, washing, and blast chilling of carcass 
halves upon entry to the cooler.  
Sampling 
One to three days prior to slaughter, farm fecal samples (around 10 g) were 
collected from the rectum of 30 pigs by digital extraction and left on the gloves which 
were placed in a WhirlPak bag (Nasco, Ft. Atkinson, WI, USA). Sterile gloves for 
collecting the feces were changed between pigs. The study pigs were tattooed on the left 
flank with a unique code that enabled tracking and identification at the plant. The pigs 
were shipped to slaughter using normal marketing channels. At the abattoir, the pigs were 
held in a pen until slaughter that same day. Sub-iliac lymph nodes were collected from the 
tattooed carcasses after blast chilling in the cooler room, using a sterile scalpel and placed 
in sterile tubes. Further, from June 2007 a second set of matching sub-iliac lymph nodes 
were collected immediately after the decapitation point, from the carcasses while they 
were still on the processing rail. The additional samples were collected to increase the 
opportunity to obtain sub-iliac lymph nodes matching with farm fecal samples. All 
samples were refrigerated on wet ice and transported to the lab where they were 
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refrigerated until processing the next day. Samples were expected to be collected from 
four cohorts of each farm. 
Salmonella determination 
Sub-iliac lymph nodes and fecal samples were cultured for the presence of 
Salmonella enterica as follows. Sub-iliac lymph nodes were surface sterilized by flaming, 
macerated in sterile bags (Nasco, Ft. Atkinson, WI, USA), combined with 25 mL 
phosphate buffered saline (PBS) and homogenized for 1 min with a stomacher (Seward 
Co., UK). Ten gram fecal samples or 10 mL aliquots from lymph node homogenates were 
added to 90 mL of tetrathionate broth (Tet, Remel Co., Philadelphia, USA) supplemented 
with iodine immediately prior to use and incubated (24 h at 37ºC) (Bahnson et al., 2006a; 
Gray et al., 1996; Hurd et al., 2002); another 10 g fecal sample or 10 mL aliquot from 
lymph node homogenates was added to 90 mL buffer peptone water broth (BPW, Remel 
Co., Philadelphia, USA) supplemented with novobiocin and incubated (24 h at 42ºC) 
(Davies et al., 2000; Love and Rostagno, 2008; Smyser and Snoeyenbos, 1969; Taft, 
1966). One hundred uL each of Tet and BPW pre-enrichment culture was inoculated into 
9 mL of Rappaport-Vassiliadis R 10 broth (RV, BD Co., Maryland, USA) and incubated 
(24 h at 42ºC). RV broth samples were streaked for isolation both on Xylose-Lysine-
TergitolTM 4 agar (XLT-4, BD Co., Maryland, USA) and Brilliant Green agar (BG, BD 
Co., Maryland, USA). After 24 h of growth at 37ºC, one colony per plate exhibiting 
morphology typical of Salmonella was inoculated to Triple Sugar Iron slant (TSI, BD Co., 
Maryland, USA) and Lysine Iron slant (LIA, Oxoid Co., UK), and incubated (24 h at 
37ºC). Isolates with characteristic Salmonella reactions in TSI (alkaline slant, acid butt, 
gas with H2S) and LIA slants (alkaline with H2S) were verified by Salmonella O 
Antiserum Poly A-I and Vi (BD Co., Maryland, USA).  
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All suspect Salmonella isolates were sent to the National Veterinary Services 
Laboratories for serotyping (USDA NVSL, Ames, IA). Samples were classified as 
positive or negative based on serotyping results.  In the present paper, Salmonella 
enterica subsp. enterica is abbreviated Salmonella, followed by the serotype name. For 
example, Salmonella enterica subsp. enterica serotype Derby is designated Salmonella 
Derby. 
Quality control procedures 
Several quality control procedures were employed during the study. Throughout 
the entire project a set of known positive and known negative ground pork samples were 
included with each batch of samples being processed. Further, a group of known positive 
and known negative ground pork samples were randomly ordered, sequentially numbered 
and referred to as the blinded control set. The master key identifying these blind controls 
was maintained by staff not performing the culture steps. Each week the laboratory staff 
selected the next blinded control in the sequence for inclusion with the farm samples, the 
abattoir samples and the known positive and negative samples. Each week after the 
blinded sample had been processed the outcome of the culture of that sample was 
compared to the key. Positive samples were spiked with ATCC 14028 Salmonella 
Typhimurium with a final concentration of 10 cfu per mL. The number of colony forming 
units of Salmonella per mL in these samples after enrichment was not determined.   
Because of the large number of negative samples noticed in the early stages of the 
project, several steps were taken during the process to verify the culture results. Six 
hundred and ninety six samples were sent to another laboratory for PCR determination of 
Salmonella status over 10 weeks from 4/14/08 to 08/28/08 using the BAX® system PCR 
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for Salmonella (Bennett et al., 1998; Franchin et al., 2006). The BAX® system PCR for 
Salmonella is reported to reliably detect 104 cfu per mL in enriched samples (DuPont 
Qualicon BAX® System). Of these 696 samples, 265 were gut-associated lymph nodes 
collected for another purpose. These samples were included in the quality control samples 
as they were more likely to be positive based on prior research (Bahnson et al., 2006b; 
Hurd et al., 2001) and therefore suitable for assessing detection ability of Salmonella in 
lymph node tissue using culture method compared to PCR detection. The other 431 were 
sub-iliac lymph node samples from both processing and cooler. 
Data analysis 
For each farm, the percentages of positive farm fecal samples and positive lymph 
nodes were calculated. Further, the percentages of positive fecal and lymph nodes 
samples were calculated using only those animals for which on-farm and at-slaughter 
matched data were available. The average farm level and slaughter cohort prevalence of 
Salmonella and corresponding 95% confidence interval were also calculated. The 
proposed analysis was a correlation analysis using Pearson correlation i.e. the proportion 
of positive samples in farm feces regressed against the proportion of positive samples in 
the lymph nodes. Two units of analyses were planned, the farm and the slaughter cohort. 
The correlation analysis used all samples, not just matched samples.  
 
RESULTS 
Results of quality control comparison between PCR and microbiological culture 
method 
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No blinded controls were misidentified during the study period. Of the 265 gut-
associated lymph nodes samples tested both by culture method and PCR, 25 of 265 were 
positive by PCR detection and 19 of 25 were positive based on culture method. A higher 
number of PCR-positive results may have been due to the presence of DNA from dead or 
non-culturable cells (Bennett et al., 1998). PCR and cultural methods for 431 sub-iliac 
lymph nodes resulted in 100% Salmonella-negative samples, suggesting the cultural 
method utilized in this study was as sensitive as PCR for Salmonella detection. During 
the time pre-chill and post-chill samples were collected there was 100% agreement 
between both methods, i.e. all samples were negative.  
Salmonella prevalence and serotypes 
Of the 27 farms that agreed to participate, three subsequently declined as they 
were unable to provide pigs to the requested abattoir at the time required. Twenty-four 
farms with 50 slaughter cohorts (1 to 4 cohorts per farm) were visited to collect farm fecal 
samples. The final dataset included fecal samples from 21 farms and sub-iliac lymph 
nodes from 24 farms. Results from fecal samples were missing from two farm visits 
(Farm 1 and 4) because the original study design proposed testing fecal samples from 
lymph node positive farms only. Later this approach was modified and all farm fecal 
samples were cultured regardless of lymph node status. Results from fecal cultures from 
the other farm farms (Farm 22) were excluded as processing errors resulted in lost sample 
identification. The final dataset included lymph node samples from 24 farms. After 
slaughter, carcasses from within a cohort were lost to follow up for the following reasons: 
“railed” off during processing, not placed on correct rail in the cooler, sample could not 
be collected from a hot carcass sample due to the rail speed, sample missing due to the 
routine in-plant carcass “cleaning” process to remove extraneous materials.  
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Farm fecal samples (n=1,490) and sub-iliac lymph node samples (n=2,621) from 
1,739 carcasses (961 sub-iliac lymph nodes from carcasses during processing and 1,660 
sub-iliac lymph nodes from chilled carcasses were processed, for an average 71 farm 
feces and 109 sub-iliac lymph nodes from 72.5 carcasses per farm. Not all the farm feces 
and sub-iliac lymph nodes were matched.  Sub-iliac lymph nodes were harvested from 
pigs of 24 farms with 69 cohorts (1 to 4 cohorts per farm). In the year prior to the study, 
these 24 premises slaughtered between 1,684 and 102,840 swine, with an average of 
14,883 swine slaughtered per farm. Individual animal matched fecal samples and lymph 
nodes were collected from 1,337 animals/carcasses from 50 cohorts of 21 farms.  
Salmonella were detected in 51 of 1,490 fecal samples (3.4%, 95% Confidence 
Interval (CI): 2.6 - 4.5%) and in a single lymph node sample from the 1,739 carcasses 
(0.06%, 95% CI: 0.01 - 0.3%). One or more Salmonella positive isolates in feces were 
identified from pigs on 15 of 21 farms (71.4%, 95% CI: 49.8 - 86.1%) and 20 of 50 
cohorts (40%, 95% CI: 27.4 - 53.9%). Salmonella was detected in one sub-iliac lymph 
node from 1 of 24 farms (4.2%, 95% CI: 1.0 - 20.3%) and 1 of 69 cohorts (1.4%, 95% CI: 
0.3 - 7.7%). 
Salmonella prevalence in all fecal samples and sub-iliac lymph nodes and 
matched samples are summarized for farm and cohort level in Table 1. The Salmonella 
prevalence in farm feces and sub-iliac lymph nodes for individual farm and cohort is 
shown in Table 2. The median within-farm prevalence was 1.7% for fecal samples (range: 
0 - 38.3%) and 0% for sub-iliac lymph nodes (range: 0 - 1.1%) and median within-cohort 
prevalence was 0% from fecal samples (range: 0 - 43.3%) and 0% for sub-iliac lymph 
nodes (range: 0 - 4%).  
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We were able to match farm feces and sub-iliac lymph node samples for 1,337 
animals from 21 farms and 50 slaughter cohorts. For the matched animals, Salmonella 
was detected in 48 of 1,337 fecal samples (3.6%, 95% CI: 2.7 - 4.7%) and in 1 of 1,337 
lymph nodes (0.07%, 95% CI: 0.02 - 0.4%). For the matched animals, the median within-
farm prevalence of Salmonella was 1.9% for fecal samples (range: 0 - 40.4%) and 0% for 
lymph nodes (range: 0 - 1.1%). For the 50 slaughter cohorts the median prevalence of 
Salmonella was 0% for fecal samples (range: 0 - 44.8%) and 0% for lymph nodes (range: 
0 - 4%).  
 High serotype diversity was detected (15 serotypes overall, 14 in farm feces and 1 
in lymph nodes) (Table 3). Salmonella Derby was the predominant serotype in farm feces 
(15 of 52, 28.8%, 95% CI: 18.3 - 42.3%), followed by Salmonella Anatum (7 of 52, 
13.5%, 95% CI: 6.7 - 25.3%) and Typhimurium (Copenhagen) (7 of 52, 13.5%, 95% CI: 
6.7 - 25.3%). The only Salmonella-positive sub-iliac lymph node yielded Salmonella 
Braenderup.  
Correlation between Salmonella contamination in live animals on farm and in 
carcasses at slaughter 
The planned correlation analysis between Salmonella prevalence in farm feces and 
in sub-iliac lymph nodes was not conducted due to the limited number of positive samples. 
The fecal sample from the animal with the only Salmonella-positive sub-iliac lymph node 
sample was Salmonella-negative on the premises, Farm 13. The average Salmonella fecal 
positive prevalence at Farm 13 (1.7%) was lower than the average prevalence of the 21 
enrolled farms (3.4%). There was no evidence of an association detected between the 
Salmonella contamination of deep systemic sub-iliac lymph nodes and from farm feces. 
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DISCUSSION 
We had hypothesized that if there was a strong association between the presence 
of Salmonella in sub-iliac lymph nodes and the prevalence of on-farm Salmonella 
shedding in the feces, and then this readily collected tissue might be a useful screening 
tool.  We chose to study these tissues, as prior studies had shown that the number of high 
prevalence Salmonella farms in the US is low, and therefore a screening tissue collected 
at slaughter must also have low Salmonella prevalence, if the correlation was to be strong. 
However, the prevalence of 0.06% from 1,739 carcasses was too low and suggests that 
this tissue is not a candidate for screening swine at slaughter to identify farms with a high 
prevalence of Salmonella. 
Serotyping indicated that Derby was predominant, followed by Anatum and 
Typhimurium (Copenhagen), which is consistent with the serotype profile of the swine 
population in United States (FSIS USDA, 1998-2007). The only Salmonella isolated in 
deep systemic sub-iliac lymph node was Braenderup, which was not found in any farm 
feces. Salmonella Typhimurium is the major cause of human salmonellosis (Fullerton et 
al., 2007; Olsen et al., 1997). Salmonella Derby has been frequently associated with pork 
(Davies et al., 1997; Jayarao et al., 1990; Lomonaco et al., 2009; Valdezate et al., 2005), 
but not human infections.  
Although other studies have correlated Salmonella prevalence on farm with 
abattoir-collected samples from naturally infected farms (Hurd et al., 2001, 2002; Korsak 
et al., 2003; Kranker et al., 2003; Larsen et al., 2003), the present study is unique because 
it matched individual pigs on the basis of fecal samples collected on farm with sub-iliac 
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lymph node samples collected at slaughter.  To the best of our knowledge, this type of 
individual animal sample matching in Salmonella and swine production related research 
has not been reported previously.  
  Our objective was to determine if sub-iliac lymph nodes represent a readily 
accessible tissue that could be used for accurate identification of high prevalence 
Salmonella farms. This study suggests that is not the case since only 0.06% sub-iliac 
lymph nodes harbored Salmonella. The single isolation of Salmonella in sub-iliac lymph 
nodes precludes a statistically valid hypothesis tests. As shown in this study, although a 
total of 2,621 sub-iliac lymph node samples from 1,739 carcasses were tested, the one 
positive isolate in sub-iliac lymph node was quantitatively inadequate to determine the 
on-farm and at-slaughter association. However, given the large number of samples tested, 
the use of multiple farms, with multiple slaughter cohorts and the laboratory quality 
control system utilized, we conclude that since sub-iliac lymph nodes are rarely 
Salmonella culture positive they are not appropriate candidates for surveillance as a 
means to assess safety and quality of meat/meat products for the consumer food chain.  
 
CONCLUSIONS 
The low frequency of Salmonella in sub-iliac lymph nodes suggests that these 
samples are not useful predictors of Salmonella contamination on farm under the 
conditions evaluated. 
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Mention of trade names or commercial products in this article is solely for the 
purpose of providing specific information and does not imply recommendation or 
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Table 1. Summary of Salmonella prevalence in all and matched farm feces and lymph nodes for both farm and cohort level. 
 All samples 1Matched samples 
Farm feces Sub-iliac lymph nodes Farm feces Sub-iliac lymph nodes 
 Positive/tested (%, 95% CI) 
2Positive farm prevalence 
15/21  
(71.4%, 49.8-86.1%) 
1/24  
(4.2%, 1.0-20.3%) 
15/21  
(71.4%, 49.8-86.1%) 
1/24  
(4.2%, 1.0-20.3%) 
3Positive cohort prevalence 
20/50  
(40%, 27.4-53.9%) 
1/69  
(1.4%, 0.3-7.7%) 
20/50  
(40%, 27.4-53.9%) 
1/69  
(1.4%, 0.3-7.7%) 
Over all positive pig 
prevalence 
51/1490 
 (3.4%, 2.6-4.5%) 
1/1739 
(0.06%, 0.01-0.3%) 
48/1337  
(3.6%, 2.7-4.7%) 
1/1337  
(0.07%, 0.02-0.4%) 
 Median (range) 
Within-farm positive pig 
prevalence 
1.7%  
(0-38.3%) 
0%  
(0-1.1%) 
1.9%  
(0-40.4%) 
0%  
(0-1.1%) 
Within-cohort positive pig 
prevalence 
0%  
(0-43.3%) 
0%  
(0-4%) 
0% 
 (0-44.8%) 
0% 
 (0-4%) 
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1Matched fecal samples and sub-iliac lymph nodes either from processing line or cooler or both were collected from the same pigs based on 
the tattoos.  
2Positive farm is the farm with at least one pig having Salmonella-positive feces or at least one carcass having Salmonella-positive lymph 
nodes. 
3Positive cohort is the one with at least one pig having Salmonella-positive feces or at least one carcass having Salmonella-positive lymph 
nodes. 
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Table 2. The prevalence of Salmonella enterica in farm feces (n=21 farms) and sub-iliac 
lymph nodes (n=24 farms)  
Farm Salmonella prevalence in farm feces Salmonella prevalence in sub-iliac lymph nodes 
1 1NA 0/83 (0%) 
2 3/59 (5.1%, 1.8-13.9% ) 0/106 (0%) 
3 2/60 (3.3%, 1.0-11.3%) 0/110 (0%) 
4 NA 0/76 (0%) 
5 0/60 (0%) 0/74 (0%) 
6 0/30 (0%) 0/76 (0%) 
7 0/90 (0%) 0/107 (0%) 
8 1/30 (3.3%, 0.8-16.7%) 0/48 (0%) 
9 2/120 (1. 7%, 0.5-5.8%) 0/68 (0%) 
10 23/60 (38.3%, 27.1-51.0%) 0/82 (0%) 
11 1/60 (1. 7%, 0.4-8.8%) 0/53 (0%) 
12 2/119 (1.7%, 0.5-5.9%) 0/108 (0%) 
13 2/120 (1. 7%, 0.5-5.8%) 1/91 (1.1%, 0.3-5.9%) 
14 1/120 (0.8%, 0.2-4.5%) 0/101 (0%) 
15 1/29 (3. 5%, 0.8-17.2%) 0/52 (0%) 
16 0/30 (0%) 0/53 (0%) 
17 0/117 (0%) 0/101 (0%) 
18 0/90 (0%) 0/69 (0%) 
19 4/57 (7.0%, 2.9-16.7%) 0/52 (0%) 
20 1/119 (0.8%, 0.2-4.6%) 0/106 (0%) 
21 3/60 (5.0%, 1.8-13.7%) 0/51 (0%) 
22 NA 0/21 (0%) 
23 2/30 (6. 7%, 2.0-21.4%) 0/24 (0%) 
24 3/30 (10.0%, 3.6-25.8%) 0/27 (0%) 
1NA indicates data not available because original study design proposed testing fecal 
samples from lymph node positive farms only or because of processing errors in lab. 
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Table 3. Salmonella serotypes found in sampled farm feces and sub-iliac lymph nodes. 
Rank Serotype 
Farm feces  Sub-iliac lymph nodes  
1Number of overall positive 
isolates (n=52) 
% Positive Number of overall positive 
isolates (n=52) 
% Positive 
1 Derby 15 28.8 0 0 
2 Anatum 7 13.5 0 0 
2 Typhimurium (Copenhagen) 7 13.5 0 0 
4 Agona 5 9.6 0 0 
5 Typhimurium 4 7.7 0 0 
6 Uganda var. 15+ 3 5.8 0 0 
7 Infantis 2 3.8 0 0 
7 Uganda 2 3.8 0 0 
9 4,5,12: poorly motile 1 1.9 0 0 
9 Livingstone 1 1.9 0 0 
9 Mbandaka 1 1.9 0 0 
9 Newport 1 1.9 0 0 
9 Worthington 1 1.9 0 0 
9 Braenderup 0 0 1 1.9 
9 Salmonella untypable 1 1.9 0 0 
1The overall positive isolates are from both Salmonella positive farm fecal and sub-iliac lymph node samples. 
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ABSTRACT 
The aims of this study were to determine the ability of amplified fragment length 
polymorphism (AFLP) to differentiate Salmonella isolates from different epidemiological 
units of swine production and to demonstrate the epidemiological relatedness of Salmonella 
between farms and abattoirs by AFLP. Twenty four farms in the U.S. Midwest were visited 
four times from 2006 to 2009. At each farm or abattoir visit, 30 fecal samples or 30 
mesenteric lymph nodes were collected, respectively. Two hundred and twenty Salmonella 
isolates were identified, then serotyped and genotyped by multi-locus sequence typing 
(MLST) and AFLP. Two hundred and twenty isolates clustered into 21 serotypes, 18 MLST 
types and 14 predominant AFLP clusters based on a threshold genetic similarity level of 60%. 
To assess genetic differentiation between farms, harvest cohorts and pigs, analysis of 
molecular variance was conducted using AFLP data. The results showed 65.62% of overall 
genetic variation was attributed to variance among pigs, 27.21% to farms and 7.17% to 
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harvest cohorts. Variance components of farm (P-value = 0.003) and pig level (P-value = 
0.001) were significant, but harvest cohort level was not (P-value = 0.079).  A second 
analysis, permutation test, indicated that on-farm and at-abattoir Salmonella from pigs of the 
same farms were more related than from different farms. Therefore, AFLP was able to 
differentiate Salmonella isolates epidemiologically between the farms and link the abattoir 
contamination to the farm origin. 
 
INTRODUCTION 
It has been estimated that approximately 1% of Salmonella infections in humans are 
caused by the consumption of contaminated pork or processed foods derived from pork in the 
U.S. (Guo et al., 2011). Salmonella contamination of pork can be related to pre-harvest 
infection and post-harvest cross-contamination (Alban and Stärk, 2005; Bottelboorn et al., 
2003).  A recent quantitative risk assessment model aided by meta-analysis suggested that 
Salmonella infected pigs entering the abattoir imparted a source of contamination during 
processing, which explained 75% to 80% of the total contamination associated with carcasses 
(Barron et al., 2009). These proportions were estimated by construction of a linear regression 
model between the proportion of Salmonella carrier pigs entering the harvest lines and the 
proportion of contaminated eviscerated carcasses based on bootstrap simulation. Data for the 
risk assessment and meta-analysis were extracted from primary research studies which used 
Salmonella spp. as the outcome, reported as presence or absence. Therefore, the link between 
the epidemiological unit of swine production, i.e., the pigs entering the harvest chain and the 
pig carcasses, was established based on the regression association rather than evidence of 
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clonal organisms on the carcasses traced from the pigs entering the abattoir. Such an 
approach to attribution is associated with a high level of uncertainty, but the approach cannot 
be avoided currently. It is because the applied research in pork food safety has focused on the 
presence or absence of Salmonella spp. or serotyping, tools which do not allow effective 
attribution.  
Although great progress has been made in recent years to understand the ecology of 
Salmonella in pork, accelerating our understanding of the influence of Salmonella 
contamination at pre-harvest stage on public health will require the use of molecular methods 
that have a clear link to an epidemiological unit of concern. To purposefully design and 
conduct risk factor, intervention or attribution studies for Salmonella in pork, it will be 
necessary to understand the variation in molecular subtyping methods within the swine 
production structure, i.e., the epidemiological unit of which the method is capable to 
differentiate. Such information would inform the unit of differentiation (farm, harvest cohort, 
pig) at which interventions and risk factors can be assessed using the subtyping methods.  
Currently, the most commonly used methods for subtyping Salmonella are serotyping 
and pulsed field gel electrophoresis (PFGE). However, these methods have limitations. For 
example, serotyping is commonly used for many studies, but it is not useful for estimating 
risk factors for, or attribution to, levels of swine production because the epidemiological unit 
of differentiation (i.e. the serotype) is not related to any production level. For example, the 
farm-derived and carcass-derived Salmonella with the same serotype may be observed 
widely in different production systems, such as the predominant serotype Derby on swine 
farms (Fedorka-Cray et al., 1996; Ferris and Miller, 1996). Therefore, the categorization of 
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Salmonella isolates based on serotypes is unable to represent a unique farm or harvest cohort 
origin. PFGE is a very useful molecular method because it is able to identify clones to an 
individual level that have epidemiological relevance, i.e., isolates from the same food-borne 
outbreak are more likely to have the same PFGE pattern than isolates across food-borne 
outbreaks. However, PFGE is an expensive, low throughput, labor and time intensive method 
that requires specialized training and consequently few large production level studies have 
employed it.   
An alternative method of molecular subtyping is amplified fragment length 
polymorphism (AFLP). This approach is PCR-based, high throughput, relatively inexpensive, 
and has been reported in studies of Salmonella in swine (Gebreyes et al., 2006; Gebreyes and 
Altier, 2002).  However, despite reports of the use of AFLP in Salmonella studies of swine, it 
is unclear what association the method has with epidemiological units of concern in swine 
production and how the method should or can be used to further our understanding of the 
epidemiology of Salmonella in pork.  
Given this current gap in knowledge, the aim of this study was to assess the 
association between the molecular typing method AFLP for Salmonella and four relevant 
epidemiological units of concern in swine production: the farm, the harvest cohort on the 
farm, the harvest cohort at the abattoir, and the pig, and to determine if AFLP has 
epidemiological relevance that can be used to understand the ecology of Salmonella in pig 
production and processing. 
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MATERIALS AND METHODS 
Study population 
This study is a post-hoc analysis using a part of Salmonella isolates collected for a 
project with different purpose and for which the epidemiological unit of concern was known. 
Some data of the project was published in another paper (Wang et al., 2010). Briefly, 27 
farms located in the U.S. Midwest agreed to participate in the study during the study period 
of September 2006 to February 2009.  
For each farm, one to three days before harvest, approximately 10 g of fresh feces 
was collected from the rectum of 30 pigs by digital extraction. The pigs were conveniently 
chosen from those pigs identified to be ready for harvest, i.e., the harvest cohort. The study 
pigs were tattooed with a unique code that enabled tracking and identification of the 
individual carcass at the plant.  
At the abattoir, the harvest cohort was held in an antemortem pen until harvest that 
same day. At the abattoir, intestinal viscera could be identified on the harvest cohort level. 
Thirty mesenteric lymph nodes were conveniently collected and identified as the intestinal 
viscera from the harvest cohort as they moved along the production belt.  
All samples were collected in individual bags, held on ice and transported to the 
laboratory where they were refrigerated until processing the next day. It was anticipated that 
fecal and mesenteric lymph node samples would be collected from four harvest cohorts of 
pigs for each farm (Wang et al., 2010). The visits of 4 cohorts within each farm were 
scheduled as least 1 month apart. 
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Salmonella isolation and identification 
Mesenteric lymph nodes were surface sterilized by flaming, macerated in sterile bags, 
combined with 25 mL phosphate-buffered saline, and homogenized using a stomacher for 1 
min. Ten grams of feces or 10 mL aliquots from lymph node homogenates were added to 90 
mL of tetrathionate broth (Tet) supplemented with iodine immediately before use and 
incubated (24 h at 37°C); an additional 10 g feces or 10 mL aliquot from lymph node 
homogenates were added to 90 mL buffer peptone water (BPW) broth supplemented with 
novobiocin and incubated (24 h at 42°C). One hundred microliters each of Tet and BPW 
broth pre-enrichment culture were inoculated into 9 mL of Rappaport-Vassiliadis R 10 (RV 
10) broth and incubated (24 h at 42°C). Following incubation, the RV 10 broth samples were 
streaked for isolation on both Xylose-Lysine-Tergitol 4 agar and Brilliant Green agar. After 
24 h of growth at 37°C, one colony per plate exhibiting morphology typical of Salmonella 
was inoculated to Triple Sugar Iron slant and Lysine Iron slant, and incubated (24 h at 37°C). 
Isolates with characteristic Salmonella reactions in Triple Sugar Iron slant (alkaline slant, 
acid butt, and gas with H2S) and Lysine Iron slants (alkaline with H2S) were verified by 
Salmonella O Antiserum Poly A-I and Vi slide agglutination assay. 
Subtyping methods 
Three methods of subtyping were used for comparison, i.e., serotyping, multi-locus 
sequence typing (MLST), and amplified fragment length polymorphism (AFLP).  
Serotyping 
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All putative Salmonella isolates were submitted to the National Veterinary Services 
Laboratories for serotyping (USDA NVSL, Ames, IA). A sample was classified as 
Salmonella positive if its serotype was determined. 
Multi-locus Sequence Typing (MLST) 
A single colony was inoculated in 1 mL sterile Luria-Bertani broth (LB broth, BD 
Diagnostic System Inc., Sparks, MD) in a 1.5 mL microfuge tube, and then incubated with 
shaking overnight at 37°C. The culture was centrifuged at 10,000 × g for 2 min and the 
supernatant was removed. The pellet was resuspended in 200 µL sterile ddH2O, boiled at 
100 °C in heating block (Eppendorf AG, Hamburg, Germany) for 10 min, then centrifuged at 
14,000 rpm for 2 min. The supernatant containing the extracted DNA was aspirated and 
stored in a sterile microfuge tube at -20 °C. MLST of the seven housekeeping genes (aroC, 
dnaN, hemD, hisD, purE, sucA, thrA) for Salmonella enterica were used. The alleles and 
primers for amplifying and sequencing alleles were used according to the MLST scheme 
found at http://mlst.ucc.ie/mlst/dbs/Senterica. All the housekeeping genes were amplified by 
PCR using the Taq PCR master mix kit (QIAGEN Inc., Valencia, CA), and the products 
were run on an agarose gel to confirm the presence of a product and the correct amplicon size. 
Amplification conditions for the seven genes were 95 °C for 2 min, followed by 30 
amplification cycles (95 °C for 1 min, 55 °C for 1 min, and 72 °C for 2 min) and then a final 
extension at 72 °C for 5 min. PCR products were purified using a QIAquick PCR purification 
kit following the manufacturer’s instructions (QIAGEN Inc., Valencia, CA). DNA 
amplification products were sent to the DNA Facility at Iowa State University for sequencing 
using the DNA Facility’s Applied Biosystems 3730x1 DNA Analyzer (Applied Biosystems, 
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Foster City, CA). Sequencing was carried out in both directions using the sequencing primers 
described above. Sequences obtained were imported into Lasergene SeqMan program 
(DNASTAR, Inc., Madison, WI) for alignment and trimming of the forward and reverse 
sequences against control sequences obtained from the MLST site. The allelic profiles were 
obtained by interrogation of the sequences against the MLST database to generate sequence 
types (STs) (accessible at http://mlst.ucc.ie/mlst/dbs/Senterica). 
Amplified Fragment Length Polymorphism (AFLP) 
The AFLP fingerprinting was conducted using the AFLP-based microbial genome 
mapping kits (EcoR I microbial AFLP ligation/amplification module and Mse I microbial 
AFLP ligation/amplification module, Life Technologies Corporation, Carlsbad, CA) 
following the manufacturer’s protocol with some modifications. Briefly, DNA genomic 
extractions (the same as for the MLST) were adjusted to a concentration of 50 ng/µL in 10 
µL water. DNA (2 µL) was digested with the restriction enzymes EcoRI (5 units) and MseI 
(1 unit), along with 3 µL NEB 4 restriction buffer (New England Biolabs Inc., Ipswich, MA), 
0.5 µL of 1.0 mg/mL BSA at 37°C in a thermal cycler with a heated cover for 2 hours 
followed by 70 °C for 15 min. Adapter oligosequences for EcoRI and MseI from the 
commercial kit were ligated to the restriction fragments using 0.08 µL T4 DNA ligase (New 
England Biolabs Inc., Ipswich, MA), with 1 µL of 10× T4 DNA ligase buffer, 0.13 µL of 1.0 
mg/mL BSA and 0.29 µL water at 25 °C overnight in a thermal cycler with a heated cover. 
Diluted DNA Fragments (4 µL) prepared by restriction and ligation were then initially 
amplified using EcoRI and MseI core sequence (0.5 µL each) complementary to the EcoRI 
and MseI end, with 15 µL AFLP amplification core mix (Life Technologies Corporation, 
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Carlsbad, CA). The conditions for preselective amplification were 72 °C for 2 min, followed 
by 20 cycles of 94 °C for 20 s, 56 °C for 30 s, and 72 °C for 2 min. The amplified products 
were diluted in 0.1 M TE buffer at 1:19 (v/v) ratio and underwent a selective amplification 
using an FEM dye labeled EcoRI primer (1 µM, 0.5 µL) with an additional adenine base at 
the 3’-end (EcoRI + A), MseI selective primer (5 µM, 0.5 µL) with an additional cytosine 
base at the 3’-end (MseI + C), and 7.5 µL AFLP amplification core mix. The conditions for 
selective amplification were 94 °C for 2 min; 94 °C for 20 s, 66 °C for 30 s and decreasing at 
1 °C/cycle for 11 cycles to 56 °C, and 72 °C for 2 min; 19 cycles of 94 °C for 20 s, 56 °C for 
30 s, and 72 °C for 2 min; then 60 °C for 30 min.  
The FEM labeled PCR products were sent to the DNA facility at Iowa State 
University for genotyping analysis. The amplified fragments were separated by capillary 
electrophoresis using an Applied Biosystems 3730 DNA analyzer (Applied Biosystems, 
Foster City, CA). Hi-Di formamide (10.25 µL) and DNA size standard MapMarker1000 
(BioVentures, Inc., Murfreesboro, TN) (0.25 µL) were mixed with 1.5 µL of final 
amplification. A fragment amplification method with denaturation at 96 °C for 120 s, 
injection for 5 s at 2.0 Kv, and separation at 15.0 Kv for 1600 s was used. Amplified bands 
located between 50 bp and 1000 bp fragment lengths were scored and analyzed using 
GeneMapper Version 4.0 software (Applied Biosystems, Foster City, CA). Peaks were sized 
with MapMarker1000 size standard using the size calling method of local southern method. 
The sum of signal in the range of 50 - 1000 bp for all samples within the same run was used 
to perform the signal normalization. The sized peaks were labeled as 1 if the peak amplitude 
was greater than 100, otherwise as 0. The output of genotypes from GeneMapper softwere 
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was imported into BioNumerics Version 5.1 software package (Applied Maths, Inc., Austin, 
TX) for cluster analysis.  
The repeatability of the AFLP protocol was analyzed. A Salmonella stain that was 
confirmed by culture and serotyping was randomly selected. AFLP protocol was 8 times 
independently conducted for this stain, each time staring from the same DNA template which 
was extracted as described before. The resulting AFLP fingerprints of 8 replicates were then 
compared by the BioNumerics software. The similarity of the 8 fingerprints of the selected 
strain ranged from 92.5-97.3%, indicating a good repeatability of the employed AFLP 
protocol. Base on this result, isolates sharing genetic similarity higher than 92.5% were 
considered as the same AFLP fingerprint.  
Statistical analysis 
Descriptive analysis 
For fecal and mesenteric lymph node samples, the percentage of positive farms or 
harvest cohorts was calculated with a 95% confidence interval (CI), where the positive farms 
or harvest cohorts were defined as having at least one Salmonella positive sample. The 
median prevalence and range of the within-farm and within-harvest cohort samples were 
determined.  
Further descriptive analyses included comparison of isolate-level discriminatory 
ability of serotyping, MLST and AFLP using Simpson’s index of diversity (DI) with a 95% 
CI (Hunter and Gaston, 1988). Simpson’s index of diversity calculated the probability that 
two unrelated strains sampled from the test population would be placed into different cluster 
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types. Higher values of DI indicated greater discrimination. This study also reported the 
resolution value for each method, i.e., number of isolates divided by the type frequency.  
To describe the agreement between MLST STs and serotypes, frequency distribution 
was carried out to compare matches. Typing system concordance between MLST and 
serotyping was assessed by the adjusted Rand index (Hubert and Arabie, 1985) using 
EpiCompare software Version 1.0 (Ridom GmbH, Würzburg, Germany). For this analysis, 
all possible pairs of isolates were determined by cross-classifying on the basis of matched 
and mismatched MLST STs and serotypes, and the resulting output was a percentage 
concordance.  
AFLP patterns were used to generate an Unweighted Pair Group Method with 
Arithmetic (UPGMA) clustering tree using dice similarity coefficient (BioNumerics Version 
5.1, Applied Maths, Inc., Austin, TX). An arbitrary threshold break point of genetic 
similarity level of 60% was chosen to cluster isolates into distinct AFLP clonal types. This 
cutoff was selected based on its plausibility using various criteria, particularly phenotypic 
characteristics (Dorr et al., 2009), therefore the cutoff was determined by observing the 
highest concordance shared between AFLP and serotyping/MLST based on adjusted Rand 
index. The agreement of predominant AFLP clusters with MLST and serotypes was then 
presented by frequency matrixes.   
Evaluation of epidemiological unit of differentiation - Analysis of Molecular Variance 
(AMOVA)  
49 
 
 
Analysis of molecular variance (AMOVA) was utilized to reflect the molecular 
variation at multilevel epidemiological units of concern, i.e., farms, harvest cohorts and pigs 
(Excoffier et al., 1992). From the AMOVA analysis, the variance components of farm, 
harvest cohort and pig level were calculated. Total variance was estimated as the sum of 
variance components at all levels. The ratio of variance component of farm, harvest cohort 
and pig to the total variance was interpreted as the percent of the total variance that could be 
attributed to “among farms” difference, “among harvest cohorts within farms” difference and 
“among pigs within harvest cohorts” difference. AMOVA was conducted based on the 
molecular typing method employed with the highest discriminatory ability in this study. The 
null hypothesis that variance components of all levels were equal to zero was tested by 
permutation test with 1000 iterations. AMOVA and tests for the significance of variance 
components were conducted for both farm fecal and mesenteric lymph node samples, 
respectively. Data analysis was performed using commands in package ade4 of R (Version 
2.9.2). We used maximum likelihood estimates of variances to prevent negative variance 
component estimates by fixing the initially generated negative variance components as zero 
(Searle et al., 1992). If the variance component of the harvest cohort did not test significantly 
different from zero, the inference was that within the same farm, isolates from harvest 
cohorts were not significantly different from each other in genotypic diversity. Alternatively, 
if the molecular method was able to differentiate among farms, the farm would be the 
epidemiological method of differentiation.  
Epidemiological relatedness between isolates from farms and abattoirs - Permutation test  
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A permutation test was used to assess the ability of the AFLP method to associate 
Salmonella contamination at abattoir to Salmonella infection on farm (R Version 2.9.2).  At a 
level of epidemiological unit that the genotypic method in this study is able to differentiate 
based on AMOVA analysis, i.e., farm and/or harvest cohort, the genetic distance between 
farm fecal isolates (on-farm isolates) and mesenteric lymph node isolates (at-abattoir isolates) 
from that level of epidemiological unit was calculated as test statistic.  
The null hypothesis was the average genetic distance between the on-farm and at-
abattoir isolates from matched epidemiological units were the same as from unmatched 
epidemiological units. The genetic distance of any two isolates was defined as the Euclidean 
distance between their genotypic patterns based on the highest discriminatory method in this 
study. For matched epidemiological units, the average genetic distance was calculated by 
summing the genetic distances of all the possible pairs in that unit then divided by the 
number of pairs. The test statistic was the summation of the average genetic distances of 
isolates from all the epidemiological units. The observed test statistic was calculated using 
the genetic distances that were from each matched epidemiological unit. The isolates were 
randomly permutated and the random test statistic was calculated for each permutation 
following the same formula as the observed test statistic. The significance of the permutation 
test was evaluated by comparing the observed test statistic to the distribution of 1000 random 
test statistics. Statistical significance was considered at the P < 0.05 level. For example, a 
one-sided P-value less than 0.05 on the left tail could indicate a significantly strong genetic 
relationship between the on-farm and at-abattoir isolates from the same farms or harvest 
cohorts of pigs. 
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RESULTS 
Study population descriptive analysis 
Of 27 farms that agreed to participate in the study, three subsequently declined as 
they were unable to provide pigs to the requested abattoir at the time required. Twenty-four 
farms with 50 harvest cohorts (1 to 4 cohorts per farm) were visited to collect samples. 
Within farms, the visits of adjacent cohorts were 2.5 months apart on average, ranging from 1 
to 8 months. The final dataset included fecal samples from 21 farms and mesenteric lymph 
nodes from 16 farms. Results from fecal samples were missing because poor weather in 
winter restricted abattoir visits or the finishing pigs were shipped to the abattoir at the time 
when ISU staff were unable to make the visit or processing errors resulted in lost sample 
identification. The missing collection of mesenteric lymph nodes occurred due to the original 
study design which did not propose to test mesenteric lymph nodes from all cohorts or was 
due to the bad weather. 
The overall prevalence of Salmonella was 3.4% (n = 1490, 95% CI: 2.6 - 4.5%) in 
farm feces and 20.1% (n = 839, 95% CI: 17.4 - 22.9%) in mesenteric lymph nodes. One or 
more Salmonella positive isolates from feces were identified from pigs on 15 of 21 farms 
(71.4%, 95% CI: 49.8 - 86.1%) and 20 of 50 harvest cohorts (40%, 95% CI: 27.4 - 53.9%). 
Salmonella positive isolates were isolated from one or more mesenteric lymph nodes on 12 
of 16 farms (75%, 95% CI: 50.1 - 91.5%) and 21 of 28 harvest cohorts (75%, 95% CI: 56.7 - 
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88.4%). The median prevalence and range of the within-farm and within-cohort positive pig 
prevalence is shown in Table 1. 
Two hundred and twenty Salmonella isolates (51 from farm feces, 169 from 
mesenteric lymph nodes) were identified. Twenty-one different serotypes, 18 MLST STs 
were detected among 220 Salmonella isolates. ST684, including 2 isolates of S. Uganda and 
4 of S. Uganda var. 15+, were newly identified and were added to the 7 gene scheme MLST 
database. The clustering tree generated based on AFLP patterns with the information of 
serotypes and MLST STs is shown in Figure 2. 
Agreement between MLST sequence types and serotypes  
Two hundred and twenty Salmonella isolates (51 from farm feces, 169 from 
mesenteric lymph nodes) were used in this analysis. Most isolates with the same serotype had 
the same MLST type, or only one isolate accounted for an additional ST. For example, sixty-
six isolates were serotyped as Typhimurium (Copenhangen) and all assigned to ST 13, while 
only one isolate was serotyped as Enteritidis which was also the only isolate assigned to ST 
11. However, there were some exceptions. Sixty one Salmonella Derby isolates were 
assigned to two different STs (17 isolates to ST13 and 44 to ST40). Fifty four isolates 
serotyped as S. Agona (37, 68.5%) and S. Derby (17, 31.5%) were both assigned to ST 13 
(Figure 1). Remaining frequencies can be seen in Figure 1. The MLST approach shared 
72.2% concordance with serotyping by adjusted Rand’s index. 
Comparison of isolate-level discriminatory ability  
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Two hundred and twenty Salmonella isolates (51 from farm feces, 169 from 
mesenteric lymph nodes) were used in this analysis. If considering each pattern as a distinct 
subtype, AFLP had the highest DI of 1 followed by serotyping with a DI of 0.80 and MLST 
with a DI of 0.77 (Table 2). On average, 10.47 isolates clustered in a single serotype, a 
similar resolution value to MLST (12.22 isolates per MLST ST). Because of the highest 
resolution of differentiating Salmonella isolates from swine origin, only genotypic results of 
AFLP were selected for the epidemiological unit of differentiation and epidemiological 
relatedness analysis. 
Epidemiological unit of differentiation - Analysis of Molecular Variance (AMOVA)   
Fifty one isolates from farm feces (on-farm isolates) were used for the on-farm 
epidemiological unit of differentiation analysis. For the farm fecal samples, the proportion of 
the “among pigs within harvest cohorts” variance component was 65.62%, followed by 
“among farms” (27.21%) and “among harvest cohorts within farms” (7.17%). The variance 
components of “among farms” and “among pigs within harvest cohorts” were significantly 
different from zero (P-value for “among farms” =0.003; P-value for “among pigs among 
harvest cohorts” =0.001) (Table 3).   
One hundred and sixty nine isolates from mesenteric lymph nodes (at-abattoir isolates) 
were used for the at-abattoir epidemiological unit of differentiation analysis. For the 
mesenteric lymph node samples, most of the AFLP type diversity was found “among pigs 
within harvest cohorts” (75.19%), followed by “among harvest cohorts within farms” 
(24.81%) and “among farms” (0%); and the variance components of “among harvest cohorts 
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within farms” and “among pigs within harvest cohorts” were statistically significant (both P-
values = 0.001) (Table 3). 
The AMOVA analysis of on-farm and at-abattoir isolates inferred 1) pigs and 
carcasses from a specific farm carried Salmonella isolates with substantial genotypic 
variation; 2) the genotypic distribution of Salmonella population in live pigs on a specific 
farm didn’t change significantly across harvest cohorts of pigs from the same farm; 3) AFLP 
could differentiate the on-farm Salmonella isolates originating from the different farms.  
Epidemiological relatedness between isolates from farms and abattoirs – permutation test 
AMOVA analysis (above) indicated that AFLP could differentiate Salmonella 
isolates across farms; therefore the epidemiological unit of differentiation of AFLP was the 
farm. The permutation procedure was used to detect the relatedness of on-farm and at-
abattoir isolates from the same farms. One hundred and eight isolates (18 from farm feces, 90 
from mesenteric lymph nodes) from the matched farms were used in this analysis (Table 4).  
The permutation test results showed the P-value was 0.036 on the left tail (Figure 3). 
That is, a 3.6% or less probability that the summation of average genetic distance of each 
farm was less than the observed average genetic distance for matched farms.  The shorter the 
genetic distance, the stronger the genetic relationship. Therefore, the AFLP subtyping 
method was capable of demonstrating a significant epidemiological relatedness between 
Salmonella isolates of pigs and carcasses from the same farms. 
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DISCUSSION 
The aim of this study was to assess the ability of AFLP to be used as a molecular tool 
for the differentiation of Salmonella isolates associated with levels of epidemiological 
relevance and its potential application in attribution and intervention studies. Many methods 
have been developed to differentiate isolates of a particular bacterial species and many 
publications catalogue the ability of these methods to differentiate these organisms. However, 
incomplete differentiation does not necessarily improve our understanding of the ecology of 
an organism or the epidemiology of disease. Molecular epidemiology requires, not just the 
ability to differentiate, but the ability to associate “different isolates” with meaningful 
epidemiological outcomes. An example of this idea is using PFGE to track the food source 
contamination of salmonellosis outbreaks. The usefulness of PFGE to track outbreaks is 
based on whether it could associate the pathogens from contaminated food sources with those 
from human cases together within the same outbreak and separate between different 
outbreaks, which means “associate isolates with meaningful epidemiological outcomes”. The 
employment of PFGE in outbreak investigation is however currently being challenged. In the 
multistate Salmonella Enteritidis outbreak related to shell eggs in 2010, PFGE was not 
sufficiently discriminator for the outbreak because Salmonella isolates not associated with 
the outbreak (CDC, 2010). To purposefully determine the pre-harvest source of Salmonella 
contamination and assess the impact of interventions in the context of swine production, the 
application of an inappropriate genotyping method could produce the similar issue. Prior 
studies have shown that some currently available methods for differentiating Salmonella 
were not be able to link Salmonella isolates with the epidemiological units of concern in 
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swine production. For example, serotyping and MLST are not possible to attribute S. 
Typhimurium or a sequence type found at the harvest plant to a particular farm because the 
serotype or sequence type could be found in most of the farms (Fakhr et al., 2005). Therefore, 
in the face of this situation, it will be necessary to determine a method of Salmonella typing 
that can be associated with the unit of production where the intervention is applied, e.g., 
associated with swine farms.  
 The AMOVA analysis for isolates from farm feces used in this study indicated that 
AFLP was able to differentiate Salmonella populations originating from multiple swine 
farms. The ability to differentiate between farms might make it possible to attribute 
Salmonella contamination at the abattoir back to a particular farm, therefore pinpointing the 
farms as candidates for intervention programs to control pre-harvest Salmonella. An 
important prerequisite of the food attribution model from human salmonellosis to 
Salmonella-contaminated food origins is that Salmonella isolates from different 
contaminated food sources were able to be distinguished based the subtyping method (Hald 
et al., 2004). Similarly, the assumption of the farm attribution model from contaminated 
abattoirs to farm origins with Salmonella infection allowed all farms to be distinguished. 
AFLP was demonstrated by AMOVA analysis in this study as a useful tool to distinguish 
Salmonella isolates from different farms, which paves the way for building a Salmonella 
abattoir-to-farm attribution model.  
However, the AMOVA analysis for isolates from mesenteric lymph nodes indicated 
that AFLP was not able to distinguish Salmonella population at abattoir which originated 
from the pigs from different swine farms. This observation is consistent with our expectation 
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and likely explained by the commingling effect in antemortem lairage pens. Among pigs at 
the end of the finishing period, 5 - 30% might still excrete Salmonella and this percentage 
might increase due to transport stress (Berends et al., 1996). Due to lack of adequate hygiene 
on lairage pens between pigs from different farms, the Salmonella population at lairage pens 
potentially represented a sampling of all farms for that day/week. In addition, after holding at 
lairage pens for 2 - 4 h, mesenteric lymph nodes could be transiently infected by the 
Salmonella strains (Hurd et al., 2001). Therefore, although the pigs were from different 
farms, the Salmonella isolates of mesenteric lymph nodes from those pigs actually 
represented the Salmonella population in lairage pens not their original farm. The 
commingling effect mitigated the level of between-farm heterogeneity; therefore, AFLP 
could not different between mesenteric lymph node isolates from different farms.  
Interestingly, our data suggested that the harvest cohort is not a significant factor to 
explain genetic variations. This is perhaps not surprising, as pigs from the same farm are 
likely to have the same management factors such as diet, herd health status, and stocking 
density and there is likely to be distribution of the same clone. These farm related factors are 
likely more strongly associated with Salmonella than cohort level experiences, such as the 
season an animal is raised in and concurrent disease status of the cohort.  
This study suggests that AFLP is able to differentiate isolates of Salmonella at the pig 
level, i.e., AFLP identified 220 types (based on 100% similarity) among 220 Salmonella 
isolates. Compared to serotyping and MLST, the issue is too much differentiation rather than 
too little. The AMOVA analysis partitioned the overall diversity of Salmonella isolates into 
multiple epidemiological units of concern. The variance attributable to “among pigs within 
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harvest cohorts” was three times greater than “among farms”. Both the variance “among pigs 
within harvest cohorts” and “among farms” were significant factors in explaining genetic 
diversity, while the variance “among harvest cohorts within farms” was not at the 
significance level of 0.05. Using AFLP as a differentiation method, these results suggest that 
the genetic diversity of a Salmonella population in a farm is relatively small across cohorts 
harvested within a relatively short period, such as within the time period as the present study. 
AFLP could potentially be used to differentiate between farms, but there would be substantial 
pig-level noise and many pig-level samples would be needed for a particular farm to account 
for “between pig” variation. Therefore, a large sample size of fecal samples is required to 
identify enough Salmonella isolates to capture the genotypic distribution of the Salmonella 
population in a particular swine farm. 
The permutation test for epidemiological relatedness indicated that AFLP could be 
used to identify the flow-through contamination from farms to abattoirs. The contaminated 
carcasses at the abattoir can be attributed to infected pigs (flow-through contamination) as 
well as healthy but later cross infected pigs prior to harvest (cross contamination). Previous 
studies have documented that transportation via trucks and holding in lairage pen were major 
sources for Salmonella contamination after the pigs leave swine farms (Rostagno et al., 2003; 
2005). Therefore, Salmonella isolated at the abattoir can arise partly from the original pigs on 
farms but also from other pigs from different cohorts or farms. Following this theory, the 
observed test statistic should be in the middle part of the permutation test statistic distribution, 
which suggests no genetic relationship between the on-farm and at-abattoir isolates 
originating from the pigs of the same farm. However, the permutation test in this study 
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results indicate that Salmonella isolated from farms and abattoirs originating from the same 
farm of pigs are genetically correlated. The genetic relatedness between isolates from farm 
and abattoir imply the introduction of external source isolates from truck or lairage transit 
infection is not adequate enough to interfere entirely with the genetic link from farms to 
abattoirs, which makes it possible to trace the post-harvest Salmonella contamination back to 
a particular farm using AFLP. 
The findings for AFLP discrimination contrast with the discrimination of MLST and 
serotyping, which were not discriminatory enough to be linked with an epidemiological unit 
of concern.  Although, compared to serotyping and PFGE, MLST has the advantage of being 
a technique that is reproducible and easily exchanged between laboratories, it unfortunately 
has low discriminatory power for Salmonella enterica and the method is not clearly 
associated with an epidemiological unit of concern.  Others have reported the use of MLST 
in Salmonella from swine, for example a total of 110 S. enterica isolates were typed using the 
seven-gene scheme MLST (same as this study) and 43 STs were identified by Torpdahl et al. 
(2005). However, the epidemiological origins of the human and veterinary isolates were not 
presented and the level of epidemiological unit that MLST could differentiate was not 
explored either. For example, it was not reported whether the MLST method could 
differentiate human and veterinary isolates from different outbreaks or could categorize the 
isolates in the same types from the same outbreaks. Similarly, Fakhr et al. (2005) conducted 
MLST (4-gene scheme, manB, pduF, glnA and spaM) for the genetic discrimination of 85 S. 
Typhimurium isolates and found no genetic diversity among the isolates tested, with a 100% 
identity to the sequence reported in GenBank for the S. Typhimurium LT2 stain, and 
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obviously no link to an epidemiological unit was reported. The limited discrimination of 
MLST between closely related isolates may be due to only a relatively small part of the 
genome being used in an MLST investigation as well as a moderate to slow mutation rate 
within the targeted housekeeping genes (Harbottle et al., 2006).   
In this study, one of our interests is the apportionment of total variation to different 
sources. However, a negative estimate of variance component of farm level was observed 
from the R output of AMOVA when applied to the isolates from mesenteric lymph nodes. 
The possible reason for negative variance component of farm level might be that the 
variability among cohorts is too large. The expected variation among farms is the summation 
of the expected variation among cohorts and the variance component of farm level timing 
appropriate degrees of freedom. Therefore, the negative variance component of farm level 
occurs when the observed variation of “among harvest cohorts within farms” is greater than 
“among farms”. One explanation for the greater “among harvest cohorts within farms” 
variation when applied to the mesenteric lymph node isolates is that Salmonella 
contamination of a harvest cohort at abattoir has influences from both farms and abattoir 
antemortem pens. The antemortem pens potentially represent a sampling of all farms for that 
day/week. Salmonella are able to be isolated from pig mesenteric lymph nodes 2 hours after 
the animals become exposed to Salmonella-contaminated environment (Hurd et al., 2001). 
Therefore, Salmonella isolated from the pigs of a harvest cohort at abattoir potentially 
originated different farms. In addition, lack of enough numbers of cohorts per farm might be 
the reason for the large variance estimation for among cohorts. We conducted an ad-hoc 
solution to fix the variance component of farm level as zero. The restriction is reasonable 
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because the P-value (0.82) showed the farm-level variance component was not significantly 
different from zero.  
In this study, the error of AMOVA model is variance between pigs. We identified one 
Salmonella isolate per pig, which ignored the variation among isolates within pigs. It is 
highly possible that the genotypes of multiple Salmonella isolates from a single pig are all 
different. However, because our aim was to find a tool useful for Salmonella pre-harvest 
intervention and such an intervention on farm or harvest cohort level is more relevant to 
practical application, it might be unnecessary to concern the isolate-isolate variation below 
pig level.   
Overall, the findings of this study have important implications. First, AFLP could 
differentiate Salmonella isolates between the epidemiological unit farms, but not the harvest 
cohorts within farms. Second, AFLP could link the abattoir contamination to the farm origin. 
Finally, there is substantial pig-pig genotypic variation. Although using AFLP to subtype 
Salmonella isolates on a swine farm might be able to capture the genetic character of the 
Salmonella population on that swine farm, practical application of AFLP for molecular 
epidemiology requires large sample sizes per farm.  
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Table 1. Summary of Salmonella prevalence in farm feces and mesenteric lymph nodes for both farm and harvest cohort level 
 
 
 
 
 
 
 
 
 
 
 
 
1Data referenced in Wang et al., 2010 
 All samples 
Farm feces1 Mesenteric lymph nodes 
 Positive/tested (%, 95% Confidence Interval) 
Positive farm prevalence 15/21 (71.4%, 49.8-86.1%) 12/16 (75%, 50.1-91.5%)
Positive harvest cohort prevalence 20/50 (40%, 27.4-53.9%) 21/28 (75%, 56.7-88.4%)
Over all positive pig prevalence 51/1490 (3.4%, 2.6-4.5%) 169/839 (20.1%, 17.4-22.9%)
 Median (range)
Within-farm positive pig prevalence 1.7% (0-38.3%) 15.4% (0-70%)
Within-cohort positive pig prevalence 0% (0-43.3%) 13.3% (0-86.7%)
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Table 2. Comparison of the ability of serotyping, multi-locus sequencing type (MLST) and 
amplified fragment length polymorphism (AFLP) for discriminating 220 Salmonella enterica 
isolates 
Method Type frequency DI1 (95% Confidence Interval) Resolution value2
Serotyping 21 0.80 (0.77, 0.83) 10.47
MLST 18 0.77 (0.74, 0.80) 12.22
AFLP 2203 1 1
1Index of Discrimination 
2Resolution value was calculated by number of isolates divided by the type frequency. 
3If considering each pattern as a distinct subtype, each isolate had a different AFLP type. 
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Table 3. Analysis of molecular variance (AMOVA) of amplified fragment length polymorphism (AFLP) data for Salmonella 
enterica isolates categorized by farms and harvest cohorts of pigs 
Structure tested 
Degrees of 
Freedom 
Sum of squares Variance component
% of total 
variance
P-value1 
Farm feces   
Among farms 14 808.72 9.68 27.21 0.003 
Among harvest cohorts within farms 5 156.62 2.55 7.17 0.079 
Among pigs within harvest cohorts 33 770.21 23.34 65.62 0.001 
Mesenteric lymph nodes   
Among farms 11 988 0 0 0.82 
Among harvest cohorts within farms 9 699.34 7.88 24.81 0.001 
Among pigs within harvest cohorts 146 3486.03 23.88 75.19 0.001 
 
1The P-values for testing whether variance components of all levels were equal to zero. 
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Table 4. The number and origins of isolates from farm fecal samples and mesenteric lymph 
node samples, which were used to assess the epidemiological relatedness between isolates 
from farms and abattoirs  
 Farm Harvest cohort Farm feces Mesenteric lymph nodes 
A A-a 2 5 
B B-a 1 16 
B B-b 1 10 
C C-a 1 3 
D D-a 1 14 
E E-a 1 21 
F F-a 5 13 
G G-a 1 1 
H H-a 3 6 
I I-a 3 1 
Total 18 90 
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Figure 1. The frequency matrix of isolates typed by serotyping, multi-locus sequencing type 
(MLST) and amplified fragment length polymorphism (AFLP).  
Figure 1-1 shows the agreement between serotypes and MLST sequence types (MLST STs); 
Figure 1-2 shows the agreement between serotypes and AFLP types; and Figure 1-3 shows 
the agreement between MLST STs and AFLP types 
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Figure 2. Dice/ unweighted pair group method with arithmetic mean (UPGMA) dendrogram 
representing amplified fragment length polymorphism (AFLP) fingerprints of 21 Salmonella 
enterica serotypes and 18 multi-locus sequencing types (MLST). The 14 predominant AFLP 
clusters categorized when choosing an arbitrary threshold break point of 60% genetic 
similarity index. The columns of Farm and Cohort are index of the farms and cohorts within 
farms. The column of Type indicates the isolates were isolated either from farm feces (FF) or 
10 
11 
12 
13 
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mesenteric lymph nodes (GAL). The column of MLST (7) is the sequence type of each 
isolates based on seven-gene scheme MLST.   
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Figure 3. Histogram of test statistic of average genetic distance between farm and abattoir 
samples, when the epidemiological unit of differentiation of amplified fragment length 
polymorphism (AFLP) is the farm. Histogram is based on 1000 permutations. The vertical 
line is the test statistic based on observed data from truly matched farms. Of 1000 simulated 
farm-level test statistics, only 3.6% simulations reported a test statistic smaller than observed 
one. 
P-value = 0.036 
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CHAPTER 4. EVALUATION OF THE IMPACT OF SWINE DEEP TISSUE LYMPH 
NODES ON SALMONELLA SPP. CONTAMINATION IN GROUND PORK USING A 
QUANTITATIVE RISK ASSESSMENT MODELING APPROACH 
A manuscript to be submitted to Food Microbiology 
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ABSTRACT 
The objective of this study was to assess the contribution of deep tissue lymph nodes 
(DTLNs) to the contamination with Salmonella spp. of ground pork servings in the United 
States. A quantitative risk assessment model was developed that described ground pork 
production starting from chilled swine carcasses. A scenario analysis was then conducted to 
compare the difference in the probability of Salmonella contaminated ground pork between 
baseline and alternative scenarios where three input parameters related to Salmonella 
contamination in DTLNs were intentionally modified. The scenario analysis showed when 
the input parameter of the probability of a swine carcass with Salmonella positive DTLNs 
was changed from baseline value to half of the value and then to zero, the mean probability 
of Salmonella contaminated ground pork changed from 8.3% to 8.1% and 7.8%, respectively. 
Similar minor changes were observed when two other input parameters such as Salmonella 
concentration in DTLNs and the weight of DTLNs from a single carcass contributing to 
ground pork were changed. There was no evidence to show the significant difference in the 
probability of Salmonella contaminated ground pork between alternative and baseline 
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scenarios based on the t-tests (P-values > 0.05). In contrast, the estimated probability of 
Salmonella contaminated ground pork significantly increased when the parameter related to 
the amount of contaminated surface was increased. However, the impact of DTLNs was very 
stable through different levels of surface area contamination. Our model of ground pork 
production indicates that the deep tissue lymph nodes do not have an influential impact on 
Salmonella contamination in ground pork, compared to other sources such as reducing 
Salmonella on carcass surface. Therefore, the intervention of reducing deep tissue lymph 
nodes at processing plants might not be able to effectively reduce the Salmonella 
contamination in ground pork. 
 
INTRODUCTION 
The consumption of pork products is considered as a risk factor for human 
salmonellosis all over the world. It has been estimated that 15% of Salmonella infections in 
humans are caused by the consumption of contaminated pork or processed foods derived 
from pork in Europe (Hald et al., 2004; Pires et al., 2010). However, in the United States the 
attribution of pork to Salmonella infection cases it is estimated at about 1% (Guo et al., 2011).  
Not all retail pork products are of equal food safety risk. Significantly higher 
prevalence of Salmonella contamination in ground pork than whole carcasses has been 
observed in the United States. In retail meat, pork chops are reported to have the lowest 
positive percents (0.6-1.6%) (FDA, 2005). Much higher contamination has been observed in 
ground pork (16%) (White et al., 2001). The discrepancy between these products could be 
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due to 1) comingling of tissue from multiple animals into the ground products; and 2) the 
inclusion of deep tissue or non-visceral lymph nodes (DTLNs) contaminated with Salmonella 
in ground pork.  The rationale for the second hypothesis is that Salmonella is able to survive 
and proliferate in phagocytes and leucocytes of the live animal (Reed et al., 1986; Wells, 
1990). The DTLNs, such as sub-iliac, prescapular and popliteal lymph nodes, are likely to be 
involved in whole or non-intact pork products because they are usually embedded in the fat 
tissue, and there is no specific process for their removal. Therefore, Salmonella in phagocytes 
and leucocytes within deep tissue lymph nodes may contribute to Salmonella in ground pork 
posing a risk to public health (Anonymous, 2011).  
There are few studies evaluating the magnitude of DTLNs’ contribution to ground 
pork contamination. The current knowledge about Salmonella contamination in DTLNs is 
restricted to the reported low prevalence of DTLNs (Bahnson et al., 2006; Hurd et al., 2001; 
Wang et al., 2010). However, a chain connecting the complex multiple stages of food 
preparation needs to be considered to assess the relative contribution of DTLNs on the 
Salmonella contamination in ground pork.  
One approach to evaluating DTLNs contribute to ground pork contamination is an 
empirical study that quantifies the contribution. However, such a study is not a trivial 
exercise as it would require tracing carcasses directly to batches of ground pork and testing 
many samples due to the low prevalence of DTLNs contamination with Salmonella (Wang et 
al., 2010). An alternative approach is to create a theoretical quantitative risk assessment 
model of ground pork production based on our best understanding of the system. Quantitative 
risk assessment modeling is an increasingly popular approach in the ongoing efforts to 
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manage food safety risk. For example, Alban and Stärk (2005) employed a risk assessment 
model to indicate the potential effective intervention strategies from live pigs on farm to the 
final carcass by determining the variables with maximum effect on the Salmonella 
prevalence on the final carcass. Hurd et al. (2008) developed a model based on computer 
simulation, covering the modules representing the farm-to-pork continuum. Hurd’s study 
showed the most effective means of reducing the risk of pork-attributable human cases was 
carcasses decontamination. The advantage of the model approach is that the outcome of 
interest can be quantitatively measured. The model can provide comparative information 
about ground pork contamination and therefore inform where it is most likely that 
contamination arises. Directed by the model results, resources can then be devoted more 
discriminately.  In addition, computer-based simulation of a quantitative risk assessment 
model makes it possible to quantify the uncertainty and variability of model inputs. 
Therefore, the objective of this study was to employ a quantitative risk assessment 
modeling approach to assess the relative contribution of DTLNs to the probability of ground 
pork contaminated with Salmonella spp. in the United States.   
 
MATERIALS AND METHODS 
Modeling approach 
The model represented the production process from the chilled swine carcasses to 
fresh ground pork servings. The production process from the chilled carcasses to fresh 
ground pork servings included: fabricating carcasses into primal and sub-primal cuts which 
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were then trimmed, mixing trim into grinding load which was then portioned into servings. 
The model was divided into two segments referred to hereafter as modules 1) “fabricating 
and trimming” and 2) “grinding and partitioning”. The outcome of interest was the 
probability of ground pork servings contaminated with Salmonella spp.  
  Input parameters were either deterministic or stochastic depending on data 
availability. The distribution of stochastic parameters were either predefined or fitted by SAS 
software (Version 9.2, SAS Institute Inc., Cary NC). Distributions fitted by SAS were 
applied to the parameters for which systematic literature search was conducted. The rational 
of selecting some input parameters for systematic literature search is explained in a later 
section. The model was developed using Microsoft Excel® spreadsheet (Microsoft Corp., 
Redmond, WA) and the Monte Carlo simulation for 10,000 iterations was used to obtain 
stochastic estimates of the output variables using @Risk® 5.7 (Palisade Corp., Ithaca, NY). 
To obtain the 95% probability intervals (PI) for output means, a 2-loop simulation was used 
(1,000 iterations per simulation for 100 simulations). Therefore, 100 means following a 
normal distribution were obtained for the PI calculation.  
Process of ground pork production 
The model simulated the passage of chilled carcasses through the post-processing 
procedures. The product of interest was fresh ground pork, defined as finely chopped pork by 
a meat grinder without seasonings and fermentation. Therefore, sausage products were not 
considered because of different production practices, which could affect the Salmonella 
contamination (EFSA, 2010). In pork production, after carcasses have cooled for at least 12 
hours, they enter the fabricating and trimming line, where they are cut into five primal cuts, 
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which include head, shoulder, ham, loin, and belly. After separating carcasses into primals, 
most processors break down the primals into smaller portions called sub-primals. Trim is 
then obtained as the by-product at multiple points in the fabrication process by cutting the 
excess fat and lean off the primals and sub-primals. At each point, trim is loaded into boxes, 
which is defined as containers that hold a certain amount of trim. The trim production 
process is shown in Figure 1. Therefore, one carcass could contribute to multiple boxes, 
assumed to be five in this model. Meanwhile, many carcasses might contribute trim to a 
single box because a box can usually hold 60 pounds trim.  Subsequently, either in the 
processing plants or grocery stores, trim in several boxes is mixed together for grinding. 
Ground meat is then partitioned into servings, each of which is assumed to be consumed by 
one person. This is the system of production that the model aimed to simulate. 
Schematic overview of the model 
The establishment of the quantitative risk assessment model started with a schematic 
map (Figure 2). As stated, many carcasses (c) contributed trim to a single box and multiple 
boxes (b) contributed to a single grinding load. One grinding load was finally partitioned in 
servings of ground pork (g). The contamination level of each carcass was simulated 
separately. This allowed modeling of the number of Salmonella in a box by summing the 
number of Salmonella in the contributing carcasses (c) and the number of Salmonella in a 
grinding load by simply taking the sum of Salmonella in the contributing boxes (b). 
Summary of assumptions 
Following are the main assumptions made for the parameters used in the model.  
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• All carcasses contributing trim to the same box originated from the same herd. This 
assumption was made because the carcasses contributing trim to the same box are 
usually consecutive along the processing line. The consecutive carcasses usually 
originate from live pigs shipped from the same herd. In the model, we simulated 
contamination of each contributing carcasses separately. By assuming this, the value 
and distribution of input parameters used for the carcasses to the same box were the 
same, such as the probability of carcasses with contaminated surface and the 
probability of carcasses with positive DTLNS. The impact of this assumption was 
likely to be reduction of output variation.  
• The carcasses contributing trim to different boxes originated from independent herds, 
which meant carcass distributed to different boxes could be from the same or 
different herd by random chance. By assuming this, the value and distribution of 
input parameters used for the carcasses to different boxes could either be the same or 
different. 
• Trim was split into two parts in the model: DTLNs and trim other than DTLNs. By 
assuming this, the number of Salmonella from trim of a carcass was the sum of 
Salmonella organisms from DTLNs and from trim other than DTLNs of that carcass.  
• All DTLNs in swine carcasses became trim which finally contributed to ground pork 
and none of the DTLNs remained in primals and sub-primals. This assumption was 
made due to lack of data. It was unrealistic but conservative, meaning increasing 
Salmonella contamination in DTLNs and the probability of Salmonella contaminated 
ground pork at baseline. 
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• Salmonella contamination of trim other than DTLNs occurred from the surface of 
swine carcass rather than other sources in trim (Humphrey et al., 2000; Swanenburg 
et al., 2001).  
• The probability of carcasses with contaminated surfaces and the probability of 
carcasses with positive DTLNs were estimated using the reported apparent prevalence 
values without the adjustment for imperfect sensitivity and specificity.  
• DTLNs contamination and surface contamination from the same carcass were 
assumed to be independent events because no documented evidence showed the 
correlation between Salmonella positive DTLNs and Salmonella contaminated 
surface of swine carcasses. 
• Salmonella organisms on the carcass surface and DTLNs were homogeneously 
distributed in trim and ground pork.  
State parameters of grinding load 
Table 1 shows the summary of state parameters that were used to the number of 
chilled carcasses contributing to one box (c) and the number of boxes contributing to one 
grinding load (b).  
The average weight of dressed swine carcasses (ACW) was set at 92.8 Kg. Of the 
whole carcass weight, 11.1% (Ptrim_carc) became trim. Therefore, each carcass contributed 
10.3 Kg to trim for ground pork production. As mentioned above, each carcass could 
contribute trim to 5 boxes (N). Therefore, the weight of trim a carcass contributed to a box 
(Wtrim_carc_box) was 2.1Kg. The total weight of trim loaded in a box (Wbox) was set to 27.2 Kg, 
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so 13 carcasses (c) contributed trim to a box. The total weight of a grinding load (Wgrinding) 
was set to 136.1 Kg, therefore 5 boxes (b) contributed to a grinding load.    
Fabricating and trimming module 
The output of the “fabricating and trimming” module was the number of Salmonella 
organisms (CFU) in a box (Sbox), which was the sum of the number of Salmonella organisms 
from DTLNs (SDTLN_box) and from the trim other than DTLNs (SnotDTLN_box). Table 2 shows the 
summary of “fabricating and trimming” module, including the values/distributions, 
calculation formula and references of the parameters. 
  The probability that a carcass has Salmonella positive DTLNs (PDTLN) was estimated 
by a fitted distribution based on reported prevalence of carcasses with positive DTLNs 
(Table 2). In the model, all contributing carcasses were separately simulated to contain either 
Salmonella positive or negative DTLNs based on PDTLN . For the carcasses with positive 
DTLNs, the concentration of Salmonella in the DTLNs (CDTLN) was fitted by a cumulative 
distribution using the reported values. This concentration was based on Salmonella 
concentration reported for gut-associated lymph nodes, because CDTLN were not found in 
published literature. The weight of DTLNs from a carcass was set to 239.2 g (WDTLN_carc), all 
of which was assumed to be included in ground pork. The number of Salmonella in DTLNs 
per carcass was then obtained by multiplying the weight of DTLNs (WDTLN_carc) and the 
Salmonella concentration in DTLNs (CDTLN). DTLNs from a carcass could also contribute to 
5 boxes; therefore, the number of Salmonella in DTLNs from one carcass contributing to one 
box was the number of Salmonella in DTLNs per carcass divided by 5. By summing 
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Salmonella number in all contributing carcasses with positive DTLNs in a box, the number 
of Salmonella from DTLNs in a box (SDTLN_box) was obtained. 
Trim other than DTLNs with Salmonella was derived from the carcasses with 
Salmonella contaminated surface. The probability of a carcass having Salmonella 
contaminated surface (Pcntm surf) was estimated by a fitted distribution based on reported 
prevalence of contaminated carcasses (Table 2). The surfaces of all contributing carcasses 
were separately simulated to be Salmonella positive or negative based on Pcntm surf. The 
number of Salmonella organisms on chilled carcass surface (Scntm surf_bf) was the product of 
the before-fabrication concentration of Salmonella on carcass surface (Ccntm surf_bf) and the 
before-fabrication area of contaminated surface (Acntm surf_bf). There were limited data about 
contaminated surface area of chilled swine carcasses, so Acntm surf_bf was assumed to follow a 
uniform distribution with the USDA sampling area as the minimum value (300 cm2) and the 
total body surface area (TA) as the maximum. TA was considered to include both outside and 
inside the carcass. The outside carcass surface area could be calculated based on the average 
weight of dressed swine carcasses (ACW). TA was then assumed to be 1.75 times of the 
outside due to smaller inside area than outside. The “fabricating and trimming” module 
aimed to simulate cross-contamination that likely occurs due to environmental sources or 
other contaminated carcasses via worker’s hand, knives, and conveyer belts. During the 
fabrication step, the effect of cross contamination was therefore represented by fabrication 
multiplication factor (F) that was assumed to be 2. After fabrication, the number of 
Salmonella organisms (Scntm surf_af) and the after-fabrication area of contaminated surface 
(Acntm surf_af) on a carcass were doubled. However, if before-fabrication area of contaminated 
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surface (Acntm surf_bf ) was greater than half of the total body surface area (TA), the after-
fabrication area of contaminated surface (Acntm surf_af) was set equal to TA. In this situation, the 
after-fabrication concentration of Salmonella on trim surface (Ccntm surf_af) increased, 
otherwise equaled to the before-fabrication concentration (Ccntm surf_bf).  
The percentage of the surface area of a carcass contributing to ground pork (Psurf_carc) 
was set to be 75% of TA, which was extrapolated from beef data due to lack of evidence 
related to pork. Therefore, the contaminated surface area from a carcass placed into a box (Y) 
was 75% of the after-fabrication area of contaminated surface (Acntm surf_af) divided by 5, 
again due to one carcass contributing to 5 boxes. Given the after-fabrication concentration of 
Salmonella on trim surface (Ccntm surf_af), the total number of Salmonella organisms from trim 
other than DTLNs from a carcass contributing to a box (SnotDTLN_carc_box) was obtained. 
Subsequently, the sum of Salmonella organisms from trim other than DTLNs from a carcass 
contributing to a box (SnotDTLN_carc_box) through all contributing carcasses in on box was total 
number of Salmonella organisms from trim other than DTLNs in a box (SnotDTLN_box).  
Finally, the total number of Salmonella organism (Sbox) in a box was the sum of 
Salmonella from DTLNs (SDTLN_box) and trim other than DTLNs (SnotDTLN_box).  
Grinding and partitioning module 
The output of “grinding and partitioning” module was the probability of the ground 
pork servings contaminated by Salmonella in the United States (Pestimated). Table 3 
summarizes the values/distributions, calculation formula and references of the parameters 
used in “grinding and partitioning” module. 
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The number of Salmonella organisms in a grinding load (S) was the sum of 
Salmonella numbers in all contributing boxes. The total weight of a grinding load (Wgrinding) 
was set to 136.1 Kg and a serving weighed 85 g, so a grinding load was partitioned into 1600 
servings. Assuming Salmonella organisms were evenly distributed in a grinding load, the 
Salmonella organisms in one serving (Sserving) is the total Salmonella in a grinding load (S) 
divided by 1600. The detection limit of testing Salmonella in ground pork was 1 CFU/25g, 
which was equivalent to 4 CFU/serving (Sdetection). Therefore, the estimated probability of the 
ground pork servings contaminated by Salmonella in the United States was the probability of 
detecting Salmonella at or above the test detection limit in a serving. 
Model comparison 
The model’s ability to produce realistic estimates (Pestimated), using the United States 
input parameters, was appraised by comparing to the results of a comprehensive literature 
review of reported Salmonella probability in ground pork produced in the processing plants / 
at retail in the United States (Preported), which can be interpreted as the prevalence of 
Salmonella contamination in ground pork servings. The search strategy and data extraction of 
this review are explained in detail below. Although those data were reported in different 
studies, all employed Salmonella detection methods with approximately the same detection 
limit, 1CFU/25g equivalent to 4 CFUs in one ground pork serving. Therefore, the detection 
limit (Sdetection) used in the model to estimate the final output was also 4 CFU in one ground 
pork serving, which made it comparable between the model estimated (Pestimated) and reported 
(Preported) probability of Salmonella contaminated ground pork.    
Scenario analysis 
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A scenario analysis was conducted to pursue the objective of this study, to 
quantitatively estimate the impact of Salmonella contamination in DTLNs on Salmonella 
contamination in ground pork. The probability of Salmonella contaminated ground pork was 
simulated in seven scenarios. The baseline scenario was run using the baseline data (as 
shown in Table 1, 2, and 3) and population assumptions at the time of the analysis. Six 
alternative scenarios were run by modifying the following three input parameters:  
1) probability of a carcass with Salmonella positive DTLNs (PDTLN),  
2) Salmonella concentration in DTLNs (CDTLN), and  
3) weight of DTLNs from a single carcass contributing to ground pork (WDTLN_carc).  
The six alternative scenarios were:  
Scenario 1) PDTLN was set to half of its baseline value;  
Scenario 2) PDTLN was set to zero;  
Scenario 3) CDTLN was set to half of its baseline value;  
Scenario 4) CDTLN was set to zero;  
Scenario 5) WDTLN_carc was set to half of its baseline value; and  
Scenario 6) WDTLN_carc was set to zero.  
The alternative scenarios were run using baseline values for all other parameters in the model. 
All seven scenarios were run using the 2-loop simulation (1,000 iterations per simulation and 
91 
 
 
100 simulations). The set of mean values for each alternative scenario was then compared 
with the baseline scenario using t-test based on a significance level of 0.05. Additionally, 
these seven scenarios were evaluated from multiple values of the percentage of carcass 
surface contributing to ground pork. 
Evidence for parameters 
The approach to develop evidence for parameters in the model varied. For the 
following parameters, a comprehensive search of the literature in PubMed database (1956-
March 2011) was conducted:  1) the probability of a swine carcass with Salmonella 
contaminated surfaces (Pcntm surf); 2) the probability of a swine carcass with Salmonella 
positive DTLNs (PDTLN); 3) the probability of Salmonella contaminated ground pork 
(Preported). This database was shown to have vast majority of articles relevant to Salmonella 
contamination in another systematic review (O’Connor et al., 2009). The rationale for 
choosing these parameters was: 1) they were the primary outcomes of interest and of high 
degree variability among the published evidence, such as the probability of a swine carcass 
with Salmonella contaminated surfaces (Pcntm surf); 2) they had direct impact on the questions 
that the model was designed to address, such as the probability of a swine carcass with 
Salmonella positive DTLNs (PDTLN); or 3) they are essential to the model comparison, such 
as the probability of Salmonella contaminated ground pork (Preported). 
For the probability of a swine carcass with Salmonella contaminated surfaces, 
multiple systematic reviews have been published. Therefore, the evidence for this parameter 
was obtained using primary literature identified in the published systematic reviews. An 
unpublished systematic review of Salmonella contamination at different slaughter steps was 
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also included (O’Connor et al., 2009). For the probability of a swine carcass with Salmonella 
positive DTLNs and the probability of Salmonella contaminated ground pork, the evidence 
was obtained by searching primary literature directly. The search algorithm is shown in Table 
4. 
Two levels of screening were conducted for relevant and eligible articles to extract 
data. The 1st level of screening was based on the title and abstract and 2nd level of screening 
on the full manuscripts. The title and abstract had to 1) describe the percentage values or 
contamination level of natural contamination. References reporting percentage values from 
intervention, experimental or outbreak studies were excluded. 2) mention isolating 
Salmonella spp. organism during the study. Studies focusing on a specific subgroup, such as 
Salmonella Typhimurium, were excluded. The full articles were then screened for the 
following information: 1) whether the study was in English, otherwise excluded because 
translation was unavailable; 2) whether the study was within the United States or Canada. 
Relevant references were restricted to North America, because parameter estimates in 
different locations (such as Europe vs North America) might show great differences 
depending on the nature of swine production and processing systems employed. For example, 
the final wash before chilling was approved by USDA as a critical control point to reduce 
bacterial load from previous slaughter steps (USDA FSIS, 1995), but in Europe was not 
(Bolton et al., 2002); 3) whether the studies reported the Salmonella percentage with 
numbers of positive samples and the numbers of total tested samples. Only studies that 
reported those numbers were included because parameter distributions were fitted by the 
adjustment for sample sizes.  
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At the stage of 2nd screening based on full manuscript, other selection criteria of 
qualified manuscripts were specific to each parameter. For input parameters related to the 
probability of a swine carcass with Salmonella contaminated surface (Pcntm surf), studies had to 
report the apparent prevalence of Salmonella on chilled carcasses, as this was the starting 
point of the model. Data relating to hot carcasses was not considered relevant. For primary 
studies to be considered relevant to contribute information about the probability of a swine 
carcass with Salmonella positive DTLNs (PDTLN), the primary study had to be conducted on 
finishing market weight pigs. Studies reporting piglets and sows were not considered relevant.  
Extracted data from qualified studies included apparent Salmonella prevalence for 
different parameters with numbers of positive samples and the total tested samples (where 
available) and number of Salmonella organisms in positive samples (where available). To 
create the distributions used as input parameters for the model, the distribution of prevalence 
was fitted using a mixed effect logistic regression model for binomial responses. The analysis 
was performed using the GLIMMIX procedure in SAS software, Version 9.2. Data points 
were synthesized with adjustment of sample sizes. The fitted distributions are reported in 
Table 5.  
 
RESULTS 
The baseline parameters describing the current situation 
 When the baseline parameter estimates were used in the model, the estimated mean 
probability of Salmonella contaminated ground pork servings in the United States was 8.3% 
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(Figure 3). The probability distribution was very skewed to the right. Most of the estimated 
probabilities were located near 0%. Of 10,000 iterations, 88.4% of the estimated probabilities 
were below the mean value (8.3%) and 90% of estimates less than 17.3%.  
Model comparison using the United States data 
Previous publications on the probability of Salmonella contaminated ground pork 
were searched and data were extracted and synthesized for model comparison. The relevant 
published literature is shown in Table 6. Finally, two studies were selected for data extraction 
(Duffy et al., 2001; White et al., 2001). The studies were published in 2001 with the time 
period of sampling and laboratory procedure from 1998 to 2001. For some studies, multiple 
data points were extracted due to multiple visits to processing plants or retail stores (Duffy et 
al., 2001). Totally, six data points were used for model comparison. Three data points (3/6, 
50%) were obtained based on the fresh ground pork samples from processing plants, and the 
remaining were from retail stores.   
 The reported probability of Salmonella contaminated ground pork ranged from 0 to 
16.3%. The SAS fitted distribution based on the available observations gave an average 
11.3% of the ground pork samples tested positive for Salmonella in the United States, with a 
median of 8.2% and 90% quartile of 25.6% (Table 5). Both the distributions based on model 
simulation and empirical observations were skewed to the right with a high probability 
density near the lower end. Model estimated probability was close to 0% for 75% of 10,000 
iterations, while 75% quartile of the reported probability was 15.3% based on fitted 
distribution using all available data points.  The model estimated mean value (8.3%) was 
slightly lower than the observed mean (11.3%) when using both the data points of the 
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processing plant and retail store. However, when the data points were considered separately 
by processing plant and retail store, reported overall probability of Salmonella contaminated 
ground pork in processing plant was 5.8% and 11.2% in retail store. By comparison, the 
model produced a probability estimate of 8.3%, which was consistent with results above 
(Figure 3). It is likely that bacterial amplification in ground pork due to temperature abuse 
during the transportation from processing plant to the retail store and at the retail store might 
increase the recovery rate. When considering the variability in results between different 
empirical data sets and the statistical uncertainty, the model seems to produce realistic results.  
Scenario Analysis 
The main objective of this model was to quantitatively estimate the impact of 
Salmonella contamination in DTLNs on Salmonella contamination in ground pork, by 
comparing the difference in model outputs in alternative to baseline scenario. Table 7 lists 
the estimated probability of Salmonella contaminated ground pork from baseline and six 
alternative scenarios. When the probability of carcasses with Salmonella positive DTLNs 
(PDTLN) changed from baseline data to its half and then zero, the mean probability of 
Salmonella contaminated ground pork changed from 8.3% (baseline scenario) to 8.1% 
(Scenario 1) and 7.8% (Scenario 2) and the 90% quartile value changed from 17.3% 
(baseline scenario) to 16.5% (Scenario 1) and 10.4% (Scenario 2). Similar minor changes 
were observed when input values of Salmonella concentration in DTLNs (CDTLN) and the 
weight of DTLNs from a single carcass contributing to ground pork (WDTLN_carc) were 
modified (Table 7). For all alternative scenarios, there was no evidence to show the 
significant difference in the probability of Salmonella contaminated ground pork between 
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alternative scenarios and baseline scenario based on the t-tests (P-values > 0.05). Figure 3 
shows the overlapping probability histogram distributions of baseline and alternative 
scenarios.  
 Additionally, the impact of DTLNs on Salmonella contamination in ground pork was 
examined at different levels for the percentage of a carcass surface area contributing to 
ground pork (Psurf_carc) (Table 8). As shown in the table, for each scenario, the estimated 
probability of Salmonella contaminated ground pork varied significantly depending on the 
Psurf_carc. As expected, the higher the Psurf_carc, the higher the probability of Salmonella 
contaminated ground pork. Take the baseline scenario for example, when Psurf_carc increased 
from 10% to 90%, the probability of Salmonella contaminated ground pork increased from 
2.8% to 8.9%. However, for a specific level of Psurf_carc, the changes were not significant 
between scenarios, with a very few exceptions. For example, when setting Psurf_carc at the 
level of 40%, change between baseline and Scenario 4 and 6 were significant. In Scenario 4 
and 6, the effect of DTLNs was completely turned off by assuming no Salmonella in DTLNs 
or no DTLNs contributing to ground pork. In addition, the difference in the model outputs 
between alternative and baseline scenarios was similar between levels of Psurf_carc. For 
example, for Psurf_carc of 75% used as the baseline value in the model, the differences in 
model outputs between each scenario (from Scenario 1 to 6) and the baseline were 0.2, 0.5, 0, 
0.1, 0.2, and 0.4. For Psurf_carc of 20% which is a very different level from the baseline value, 
the differences were 0.2, 0.5, 0.4, 0.7, 0.2, and 0.3. Considering the simulation uncertainty, 
the differences in the model outputs between alternative and baseline scenarios were very 
stable through different levels of Psurf_carc. 
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DISCUSSION 
The scenario analysis was performed to estimate the effect of all the input parameters 
in the model that are related to the Salmonella contamination in DTLNs on final model 
output, which was vital to pursue the objective o f this study, to assess the contribution of 
DTLNs to the Salmonella contamination in ground pork. The scenario analysis shows that 
when setting the probability of swine carcasses with Salmonella positive DTLNs to zero, the 
estimated mean probability of Salmonella contaminated ground pork decreases from 8.3% to 
7.8%. Similar minor differences are observed when comparing other alternative scenarios 
with the baseline scenario. However, when we look at the total pork production, the 
conclusion may be different. It was estimated that the pork production in the United States is 
22,436.5 million pounds for commercial purpose in 2010 (USDA ERS, 2011). If 11.1% of 
dressed swine carcass weight contributed to ground pork and a single serving is 85 g as 
simulated in this model, there were approximately 13,282.4 million servings and on average 
43 servings per person consumed in the United States in 2010. Therefore, the reduction of 
probability of Salmonella contaminated ground pork from 8.3% to 7.8% could lead to a 
reduction of 66.4 million contaminated ground pork servings and an average reduction of 0.2 
Salmonella contaminated servings per person in 2010 (the US population in 2010: 308.75 
million, US Census Bureau, 2011). 
The real impact of DTLNs on Salmonella contamination in ground pork is likely less 
than the results in this study, because several input parameters were simulated using 
conservative values or distributions. The application of these conservative parameters 
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resulted in an overestimated impact of DTLNs on Salmonella contamination in ground pork. 
For example, it was assumed that all DTLNs on swine carcasses contributed to ground pork, 
which is an unrealistic upper-bound. Therefore, when halving or turning off the weight of 
DTLNs contributing to ground pork (WDTLN_carc), the changes in the probability of Salmonella 
contaminated ground pork is less than it might be in reality. Another parameter is the 
concentration of Salmonella in DTLNs (CDTLN). This parameter was estimated from the 
concentration of Salmonella in gut-associated lymph nodes. It is almost impossible to 
compare the concentration values of Salmonella in deep tissue and gut-associated lymph 
nodes, because of the limited Salmonella enumeration data in the tissues of swine sources. 
However, a much higher prevalence of Salmonella in gut-associated lymph nodes than 
DTLNs was reported in primary studies (Bahnson et al., 2006; Hurd et al., 2001; Wang et al., 
2008). In additionally, we assume the gut-associated lymph nodes will have higher 
concentration of Salmonella as they are the primary defense against orally consumed bacteria 
(Macpherson and Smith, 2006). Therefore, it is reasonable to assume that DTLNs are 
infected with fewer Salmonella organisms.  
The model shows that a higher level of the percentage of swine carcass surface area 
contributing to ground pork (Psurf_carc) could significantly increase the Salmonella 
contamination in ground pork. Therefore, the positive association indicates that procedures 
implemented to reduce Salmonella contamination on carcass surface might be able to 
effectively mitigate the Salmonella contamination in ground pork. This is probably because a 
major contamination route of swine carcasses is the contamination on the surface via fecal 
content and environment (Humphrey et al., 2000, Swanenburg et al., 2001). The model also 
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shows the impact of DTLNs is very stable regardless of different levels of surface area 
contamination. This result strongly suggests DTLNs have less influence on Salmonella 
contamination in ground pork than a contaminated carcass surface.  These findings supported 
the use of USDA recommended swab samples of carcass surface to annually monitor the 
swine contamination level of swine carcasses (USDA FSIS, 2011).  
Although many of the quantitative microbiological risk assessment models represent 
pork production from live animal production to consumption (Barron et al., 2009; Bollaerts 
et al., 2009; Delhalle et al., 2009; Hill et al., 2003; Ranta et al., 2004), this study developed a 
risk assessment model focusing on the process starting from chilled carcasses at processing 
plants, not the live pigs on swine farms. One rationale for this approach is that the inclusion 
of production module is not germane to the question whether DTLNs are an influential 
source for Salmonella contamination in ground pork in the United States. If the model was 
developed starting from Salmonella infection on swine farms, there would be two more 
modules before the “fabricating and trimming” module and “grinding and partitioning” 
module in the model. One would be the “production” module whose output would be the 
percentage of live pigs shedding Salmonella; and the other would be the “processing” 
module whose output would be the percentage of carcasses with Salmonella contaminated 
surface. Neither of these two modules would involve the parameters related to the 
contamination of DTLNs, because DTLNs are usually detected based on the samples 
collected from carcasses at the processing plants, not from live pigs (Bahnson et al., 2006; 
Vieira-Pinto et al., 2005; Wang et al., 2010).  Further, our prior work provides little evidence 
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of an association between Salmonella contamination in DTLNs and Salmonella shedding on 
farm due to the very low prevalence of Salmonella positive DTLNs (Wang et al., 2010). 
Another reason is that there would be a great gap between the production and 
processing module due to the lack of clear evidence to support the correlation between on-
farm Salmonella shedding and Salmonella contamination on carcass surface. The Salmonella 
status on swine farms could be measured by serological tests for the Salmonella exposure 
status or by fecal culture methods for the Salmonella shedding status. There is evidence of 
strong correlation between herd seroprevalence and prevalence of Salmonella contaminated 
carcass surface (Sorensen et al., 2004). However, in the United States, the Salmonella status 
on swine farms is usually measured by the Salmonella prevalence in farm feces (Bahnson et 
al., 2005; Davies et al., 1997; Funk et al., 2000; Gebreyes et al., 2006; Hurd et al., 2004; 
Wang et al., 2010). Unfortunately, some evidence about the disconnection between 
Salmonella fecal shedding and carcass contamination was reported. For example, the 
disparity in both prevalence and serotypes of Salmonella cultured from farm fecal samples 
and carcasses at slaughter has been reported in studies of swine in earlier investigations 
(Gebreyes et al., 2004; Hurd et al., 2001; 2002; Morgan et al., 1987; Williams and Newell, 
1968). Mechanisms that may explain these disparities include 1) cross-infection from other 
animals or contaminated vehicles or facilities during transport or lairage (De Busser et al., 
2011; Hurd et al., 2001; 2002; Swanenburg et al., 2001); and 2) increased populations of 
Salmonella resulting from stress of transport, including feed and water deprivation (Berends 
et al., 1996; Teunis et al., 1999). Therefore, the disparities are likely to lead to an invalid 
estimation of the probability of carcass with Salmonella contaminated surface, which as the 
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starting point of “fabricating and trimming” module. However, there is actually a relatively 
large collection of empirical data about Salmonella contamination of swine carcasses in the 
real world (Algino et al., 2009; Saide-Albornoz et al., 1995; Rose et al., 2002; USDA FSIS, 
1996; USDA FSIS, 2011). Further by starting from chilled carcasses in the current model, we 
reduced the number of assumptions required and were able to use empirical data for a 
comparatively larger proportion of the input parameters in the model. 
The model in this study is able to produce realistic results based on a comparison of 
model output and reports in published literature, but there still is slight difference between 
model estimated and literature reported Salmonella contamination in ground pork. The 
disparity could be due to the following reasons. First, the literature reported Salmonella 
contamination in ground pork might not be representative of the national level, while the 
output of the model is the national Salmonella contamination in ground pork as we 
parameterized input variables using the United States data. Limited data of Salmonella 
contamination in published literature was used for model comparison. Although a relatively 
comprehensive literature search was conducted, only two studies were qualified to extract 
data for the purpose of understanding the prevalence of Salmonella contaminated fresh 
ground pork in the United States (Duffy et al., 2001; White et al., 2001). Ground pork 
samples were collected from only two cities in Duffy’s study (2001) and one city in White’s 
study (2001). Fresh ground pork is not consumed as commonly as other pork products such 
as pork sausage and pork chops in the United States, which might be the reason why 
Salmonella contamination in fresh ground pork is not a commonly reported outcome. In 
addition, the sample sizes of the two studies were relatively small (Table 6), 316 in Duffy’s 
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study and 49 in White’s study, but the national routine Salmonella monitoring program 
usually collected thousands of samples (USDA FSIS, 2011). Second, publication bias might 
occur. The model indicates high probability at which the Salmonella prevalence of fresh 
ground pork is 0% (Table 7, 75% quartile: 0.02%). However, only one 0% observation of six 
were reported; and the remaining 5 data points ranged from 7.3%-16.3% in Duffy et al. and 
White et al. studies. The difference in the probability of 0% Salmonella contamination in 
ground pork between model estimation and reported observations might be due to the 
publication bias. Studies reporting a zero contamination prevalence are not likely to be 
published, especially when sample sizes are small. 
One advantage of this risk assessment model is the use of a systematic and 
transparent method to conduct a large collection of results from individual studies, which are 
used to produce input parameters. Since different primary studies were performed using 
different populations, different designs and a whole-range of other specific factors, it has 
been suggested that incorporating this diversity into the model could produce estimates that 
have boarder generalizability than is possible using only a single study (Sutton et al., 2001).  
For example, the collection of observed probability of swine carcasses with contaminated 
surface was with a mean of 4.0% ranging from 0 to 18.8%. In the current model, we fit the 
probability distributions adjusted for samples size to represent variance and uncertainty of 
Salmonella contamination on carcasses and estimate the Salmonella prevalence in ground 
pork of 8.3%. If the model simulation was only based on a single study for this input 
parameter, the output of Salmonella prevalence in ground pork would be 19.2% when using 
the maximum value of 18.8% as input and 0.3% when using the minimum value of 0%, 
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which might lead to very different result inference. Furthermore, a systematic method for 
literature review could highlight areas where there is insufficient scientific evidence or where 
there are common methodological imperfections in the available research and thereby 
provide direction for future basic and applied research in a specific food safety area (Sargeant 
et al., 2005; 2006). For example, we were forced to use the concentration value of 
Salmonella in gut-associated lymph nodes to implement the one in DTLNs. This highlighted 
the need for studies that quantify Salmonella in porcine samples. 
As with all models, one limitation of this model is that it is a reduced explanation of 
the real world. For example, we assume Salmonella organisms are homogeneously 
distributed in trim and ground pork, which ignores the occurrence of pathogen organisms in 
clusters. However, another quantitative risk assessment of human salmonellosis through 
household consumption of fresh ground pork conducted in Belgium indicates that the annual 
salmonellosis in humans due to consumption of ground pork is sensitive to the amount of 
clustering of Salmonella organisms in the grinding load (Bollaerts et al., 2009). Another 
assumption of using apparent prevalence to implement true prevalence of input parameters is 
made because the sensitivity values for the Salmonella detection protocols performed in the 
individual studies are not found. There might be two effects of this assumption on the final 
model output. First, greater variance of the estimated probability of Salmonella contaminated 
ground pork was obtained. The corrections for test sensitivities do not aim to give absolute 
approximations of Salmonella prevalence for each study but instead to minimize the level of 
between-study heterogeneity originated from the wide range of Salmonella detection 
protocols used. Second, decreased estimation of the probability of Salmonella contaminated 
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ground pork was generated. True prevalence is greater than the apparent prevalence because 
it is calculated as apparent prevalence divided by test sensitivity that is less than one. 
Therefore, with the adjustment for test sensitivity, higher values of the probability of 
carcasses with positive DTLNs (PDTLN) and the probability of carcasses with contaminated 
surface (Pcntm surf) could be used in the model to generate a greater mean probability of 
Salmonella contaminated ground pork. This might be one of the reasons why the estimated 
probability of Salmonella contaminated ground pork (8.3%) is smaller than the nationally 
observed value (11.3%).  
Another limitation of this model is its limited ability of extrapolation. All the input 
parameters in this model are quantified based on data in the United States. Due to the 
difference between countries, adjustments are needed before the model can be used for 
another country. Therefore, the present study can be seen as a part in the process of gradually 
better understanding and gaining more insight about the application of quantitative risk 
assessment modeling approach to address pre- and post- harvest Salmonella interventions.  
We focused on the intervention for DTLNs to investigate its effect of reducing 
Salmonella contamination in ground pork by scenario analysis. The model suggests that 
intervention related to DTLNs will have a limited effect on the probability of ground pork 
contaminated with Salmonella. If the intervention of DTLNs is the one to consider for the 
future to provide a high level of ground pork safety, the questions is, how likely is the 
intervention to occur, and at what cost. For example, we intentionally turned off the weight 
of DTLNs from a carcass that might be involved in ground pork from the maximum value of 
all DTLNs in pig to zero. In practice, the complete removal of DTLNs could be very time 
and labor consuming. In addition, this model indicates DTLNs might have less important 
105 
 
 
influence on Salmonella contamination in ground pork compared to the contaminated carcass 
surface. Therefore, the results of this model indicate the intervention of DTLNs at processing 
plants might not be able to effectively reduce the Salmonella contaminated ground pork. 
 
CONCLUSIONS 
We developed a quantitative risk assessment model to estimate the impact of DTLNs 
on Salmonella contamination of ground pork. The scenario analysis suggests that change in 
parameters related to DTLNs has non-significant impact on Salmonella contamination in 
ground pork, and that Salmonella contamination from carcass surface has a more important 
influence on Salmonella contamination in ground pork compared to DTLNs. Therefore, 
compared to other intervention strategies, such as mitigation of Salmonella on carcass 
surface, the intervention of DTLNs at processing plants might not be able to effectively 
reduce the Salmonella contamination in ground pork. 
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Table 1. Summary of state variables of grinding load, the distribution/calculation of the input parameters and main sources 
 Description (unit) distribution/calculation 
(D/S1) 
Reference 
Input    
ACW Average weight of dressed swine carcasses(Kg) 92.8 (D) USDA FSIS, 2010 
Ptrim_carc Percentage of carcass weight sorted off as trim (%) 11.1 (D) Lorenzen et al., 1996 
N Number of boxes to which an individual carcass contributed 5  (D) Reddish and Leak, 2003 
Wtrim_carc_box Weight of trim a carcass contributed to a single box (Kg) (ACW × Ptrim_carc ) / N (D)  
Wbox Total weight of trim per box (Kg) 27.2 (D) Personal communication 
with Dickson 
Wgrinding Weight of a grinding load (Kg) 136.1 (D) Personal communication 
with Dickson 
Output    
c Numbers of chilled carcasses contributing to one box Int2WTRIMAB / 
WTRIMACAB) =13 (D) 
 
b Numbers of boxes contributing to one grinding load Int2 (WG / WTRIMAB)=5 
(D) 
 
1D = deterministic parameters; S = stochastic parameters 
2Int () returned to the integer of the calculation 
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Table 2. Summary of “fabricating and trimming” module, the distribution/calculation of the input parameters and main sources 
 Description (unit) distribution/calculation (D/S1) Reference 
Input    
PDTLN Probability of a carcass with 
Salmonella positive DTLNs 
(%) 
Logit (PDTLN)= -4.9863 + ε 
ε ~ Normal (0, σ2=2.222) (S) 
Bahnson et al., 2006; 
Hurd et al., 2001; 
Wang et al., 2010  
NcntmDTLN_box Number of carcasses with 
Salmonella positive DTLNs in 
a box 
∑c DTLNP
1
] [1, Binomial  (S) 
 
CDTLN Salmonella concentration in 
DTLNs (CFU/g) 
Cumulative(1.6487, 181.27, 
{2.7183,4.4817,7.3891,12.182,20.086,33.115,54.598,148.41}, 
{0.3478,0.4348,0.5217,0.6522,0.7391,0.8261,0.8261,0.913}) 
(S) 
Gailey, 2004 
WDTLN_carc Weight of DTLNs from a 
carcass involved in ground 
pork (g) 
239.2 (D) Gailey, 2004; Sack, 
1982 
SDTLN_carc_box Number of Salmonella 
organisms in DTLNs from a 
carcass to a box (CFU) 
(WDTLN_carc × CDTLN ) / N (S)  
1D = deterministic parameters; S = stochastic parameters 
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Table 2. (continued) 
 Description (unit) distribution/calculation (D/S1) Reference 
SDTLN_box Number of Salmonella 
organisms from DTLNs in a 
box (CFU) 
 
∑ oxcntmDTLN_bN boxDTLN_carc_S
1
 (S) 
 
Pcntm surf Probability of a carcass with 
contaminated surface (%) 
Logit (Pcntm surf)= -3.5666 + ε 
ε ~ Normal (0, σ2=0.8128) (S) 
Algino et al., 2009; 
Keenliside et al., 
2005; Rose et al., 
2002; Saide-Albornoz 
et al., 1995; Tamplin 
et al., 2001; USDA 
FSIS, 2011 
Ncntm surf_box Number of carcasses with 
contaminated surface in a box ∑
c
cntm surfP
1
] [1, Binomial  (S)  
Scntm surf_bf Number of Salmonella 
organisms on carcass surface 
from a carcass before 
fabrication (CFU) 
Ccntm surf_bf  × Acntm surf_bf  (S)  
Ccntm surf_bf Before-fabrication 
concentration of Salmonella on 
carcass surface (CFU/cm2) 
Cumulative(0, 23, {0.03,0.3,3}, {0.544,0.858,0.953}) (S) USDA FSIS, 1996 
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Table 2. (continued) 
 Description (unit) distribution/calculation (D/S1) Reference 
Acntm surf_bf Before-fabrication area of 
contaminated surface (cm2) 
Uniform(300, TA) (S) USDA FSIS, 1996 
TA Total body surface area of a 
dressed hog carcass including 
both inside and outside the 
carcass (cm2) 
734 × ACW0.656 * 1.75 (D) 
  
Kelly et al., 1973; 
Personal 
communication with 
Hurd and O’Connor 
F Fabrication multiplication 
factor 
2 (D) Personal 
communication with 
Dickson 
Scntm surf_af Number of Salmonella 
organisms on carcass surface 
from a carcass after fabrication 
(CFU) 
2 × Scntm surf_bf  (S)  
Acntm surf_af After-fabrication area of 
contaminated surface (cm2) 
IF(Acntm surf_bf  < TA/2, ABFCS ×F, TA) (S)  
Ccntm surf_af After-fabrication concentration 
of Salmonella on trim surface 
(CFU/cm2)  
Scntm surf_af  / Acntm surf_af  (S)  
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Table 2. (continued) 
 Description (unit) distribution/calculation (D/S1) Reference 
Psurf_carc Percentage of carcass surface 
area ending up in ground pork 
(%) 
75 (D) USDA FSIS, 2001 
Y Contaminated surface area 
from a carcass placed into a 
box (cm2) 
X × (Acntm surf_af / TA) (S)  
SnotDTLN_carc_box Number of Salmonella 
organisms from trim other than 
DTLNs from a carcass 
contributing to a box (CFU) 
Y × Ccntm surf_af (S)  
SnotDTLN_box Number of Salmonella 
organisms from trim other than 
DTLNs in a box (CFU) 
∑ boxcntm surf_N rc_boxnotDTLN_caS
1
 (S) 
 
Output    
Sbox Number of Salmonella 
organisms in a box (CFU) 
SDTLN_box + SnotDTLN_box (S)  
 
  Results forwarded to 
grinding and 
partitioning module 
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Table 3. Summary of “grinding and partitioning” module, the distribution/calculation of the input parameters and main sources 
 Description (unit) Distribution/calculation (D/S1) Reference 
Input    
S Number of Salmonella organisms in a grinding load (CFU) ∑b boxS
1
 (S) 
 
Wserving Serving size (g) 85 (D) USDA, 2010  
Sserving Number of  Salmonella in a serving (CFU) S × Wserving / (1000 × Wgrinding 
(S) 
 
Sdetection  Detection limit of Salmonella in a serving (CFU) 4 (D) Duffy et al., 2001;  
White et al., 2001 
Output    
Pestimated Probability of the ground pork servings contaminated by 
Salmonella in the United States (%) 
1-Poisson (Sdetection, Sserving, 
True) (S) 
 
1D = deterministic parameters; S = stochastic parameters 
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Table 4. The search algorithm and references for developing evidence for three parameters by a comprehensive search of literature 
in PubMed (1956-March 2011) 
Model parameter Search algorithm References1 
Probability of a swine carcass 
with Salmonella contaminated 
surface (Pcntm surf) 
(Salmonel*) AND (hog OR hogs OR swine OR pig 
OR pigs OR gilts OR sows OR market-weight OR 
finishers OR boars OR porcine OR piglet) AND 
(review OR systematic review OR meta analysis) 
Review studies: Barron et al., 2008; 
Barron et al., 2009; Borch et al., 1996; 
Foley et al., 2008; O’Connor et al., 
2009; USDA FSIS, 2011 
Primary studies: Algino et al., 2009; 
Keenliside et al., 2005; Rose et al., 
2002; Saide-Albornoz et al., 1995; 
Tamplin et al., 2001; USDA FSIS, 2011 
Probability of a swine carcass 
with Salmonella positive 
DTLNs (PDTLN) 
(Salmonel*) AND (hog OR hogs OR swine OR pig 
OR pigs OR gilts OR sows OR market-weight OR 
finishers OR boars OR porcine OR piglet) AND 
(lymph node OR lymph nodes OR tonsil OR tonsils) 
Bahnson et al., 2006; Hurd et al., 2001; 
Wang et al., 2010 
Probability of Salmonella 
contaminated ground pork 
servings (Preported) 
(Salmonel*) AND (ground pork OR minced pork OR 
chopped meat OR chopped pork OR sausage OR 
sausages OR pork product) 
Duffy et al., 2001;  White et al., 2001 
1For the parameter Pcntm surf, the evidence base was obtained by using the primary literature identified in the published systematic 
reviews. For the other two parameters (PDTLN and Preported), the evidence was obtained by searching both primary and review 
literature. 
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Table 5. Fitted distributions of three Salmonella probability parameters using the United States data extracted from a 
comprehensive literature review 
Model parameter Probability of a carcass with 
contaminated surface (Pcntm surf) 
Probability of a carcass with 
Salmonella positive DTLNs (PDTLN) 
Probability of Salmonella 
contaminated ground pork 
(Preported) 
Distribution rcntm surfa ~ Binomial (ncntm surfb, 
Pcntm surf) 
Logit(Pcntm surf)= -3.5666 + αcntm 
surf
c 
αcntm surf ~ Normal(0, σcntm surf2 
d= 0.8128) 
rDTLNa ~ Binomial (nDTLNb, PDTLN) 
Logit(PDTLN)= -7.0834 + αDTLNc 
αDTLN ~ Normal(0, σDTLN2 d = 7.18E-
18) 
rreporteda ~ Binomial (nreportedb, 
Preported) 
Logit(Preported) = -2.4333 + 
αreported
c    
αreported ~ Normal(0, σreported2 d = 
1.1332) 
Range of observations (%) 0-7.9 0-0.4 0-16.3
Mean (%) 4.0 1.9 11.3
Standard deviation (%) 3.9 3.7 10.8
Mode (%) 1.3 0.09 1.9
10% quartile (%) 0.9 0.1 2.2
25% quartile (%) 1.5 0.2 4.1
Median (%) 2.7 0.7 8.2
75% quartile (%) 5.0 1.8 15.3
90% quartile (%)  8.4 4.5 25.6
arcntm surf, rDTLN, and rreported refers to the number of Salmonella positive samples. 
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bncntm surf, nDTLN, and nreported refers to the number of samples tested. 
cαcntm surf, αDTLN, and αreported refers to random effects in each generalized linear regression model. 
dσcntm surf, σDTLN, and σreported refers to the standard deviation of normal distribution that the random effect in each generalized linear 
regression model followed.
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Table 6. Summary of the studies used to extract the probability of Salmonella contaminated ground pork for the model 
comparison 
Study1 Continent Country Sample source Number of 
positive samples 
Number of total 
samples tested 
Percentage 
(%) 
Overall 
percentage 
(%)2 
Duffy et al., 2001 
 
North 
America 
USA Processing plant 
 
4 40 10.0 (4/40) 5.8% 
(7/120) 
3 40 7.5 (3/40)
0 40 0 (0/40)
Retail store 7 96 7.3 (7/96) 11.2% 
(27/241) 
12 96 12.5 (12/96)
White et al., 2001 USA Retail store 8 49 16.3 (8/49)
1The detection methods conducted in all studies were reported to have the same detection limit, 1 CFU/25g. 
2The overall percentages were calculated by sum of all positive samples divided by the sum of all samples tested in the group of 
processing plant data and retail store data, respectively.
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Table 7. Model estimated probability of Salmonella contaminated ground pork for baseline scenario and six alternative scenarios1  
 Baseline 
scenario 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 
Mean 8.3% 8.1% 7.8% 8.3% 8.2% 8.1% 7.9% 
Mode 0% 0% 0% 0% 0% 0% 0% 
10% quartile 0% 0% 0% 0% 0% 0% 0% 
25% quartile 1.5E-10% 1.1E-10% 8.3E-11% 1.5E-10% 8.3E-11% 1.9E-10% 8.3E-11% 
Median 2.8E-6% 1.4E-8% 1.3E-6% 1.6E-6% 1.4E-6% 2.8E-6% 1.4E-6% 
75% quartile 0.02% 0.015% 0.01% 0.01% 0.01% 0.02% 9.5E-3% 
90% quartile 17.3% 16.5% 10.4% 16.1% 13.7% 13.3% 10.8% 
1Baseline scenario was run based on the baseline data and population assumptions at the time of the analysis. In Scenario 1, the 
probability of a carcass with Salmonella positive DTLNs (PDTLN) was set to half of its baseline value. In Scenario 2, PDTLN was set 
to zero. In Scenario 3, Salmonella concentration in DTLNs (CDTLN) was set to half of its baseline value. In Scenario 4, CDTLN was 
set to zero. In Scenario 5, the weight of DTLNs from a single carcass contributing to ground pork (WDTLN_carc) was set to half of its 
baseline value. In Scenario 6, WDTLN_carc was set to zero. The alternative scenarios were run using baseline values for all other 
parameters in the model. 
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Table 8. Model estimated probability of Salmonella contaminated ground pork for baseline scenario and six alternative scenarios1 
at different levels of the percentage of a carcass surface area ending up in ground pork (Psurf_carc) 
 
 
 
 
 
 
 
 
 
Psurf_carc 
(%) 
Baseline 
scenario 
Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
Mean (95% probability interval) 
10 2.8 (2.5-3.1) 2.4 (2.1-2.6) 2.1 (1.9-2.3)* 2.4 (2.2-2.7) 2.3 (2.0-2.6) 2.6 (2.3-2.9) 2.4 (2.1-2.6)
20 4.3 (3.9-4.6) 4.1 (3.8-4.4) 3.8 (3.4-4.1) 3.9 (3.6-4.3) 3.6 (3.3-4.0) 4.1 (3.8-4.5) 4.0 (3.6-4.3)
30 5.4 (5.0-5.8) 5.1 (4.7-5.5) 4.7 (4.3-5.1) 5.0 (4.6-5.4) 4.9 (4.5-5.3) 5.0 (4.6-5.4) 4.8 (4.4-5.2)
40 6.6 (6.1-7.0) 5.7 (5.3-6.1) 5.8 (5.4-6.2) 5.7 (5.3-6.1) 5.6 (5.2-6.0)* 5.8 (5.4-6.3) 5.6 (5.2-6.0)*
50 7.0 (6.5-7.4) 6.9 (6.5-7.4) 6.3 (5.9-6.8) 6.4 (6.0-6.9) 6.4 (6.0-6.8) 6.7 (6.2-7.1) 6.6 (6.1-7.0)
60 7.8 (7.3-8.3) 7.3 (6.8-7.8) 7.2 (6.8-7.7) 7.1 (6.6-7.6) 7.0 (6.6-7.5) 7.1 (6.6-7.6) 6.7 (6.3-7.1) *
70 8.2 (7.7-8.7) 7.9 (7.4-8.4) 7.6 (7.1 -8.0) 8.1 (7.6-8.5) 7.7 (7.2-8.2) 8.0 (7.6-8.6) 7.7 (7.2-8.2)
75 8.3 (7.8-8.8) 8.1 (7.6-8.6) 7.8 (7.3-8.3) 8.3 (7.8-8.8) 8.2 (7.7-8.7) 8.1 (7.5-8.5) 7.9 (7.4-8.4)
80 8.7 (8.2-9.2) 8.2 (7.7-8.7) 8.2 (7.7-8.7) 8.7 (8.2-9.2) 8.2 (7.7-8.7) 8.6 (8.1-9.1) 8.4 (7.9-8.9)
90 8.9 (8.4-9.4) 8.9 (8.4-9.4) 8.8 (8.3-9.4) 8.7 (8.1-9.2) 8.3 (7.8-8.8) 8.6 (8.1-9.1) 8.5 (8.0-9.0)
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1Baseline scenario was run based on the baseline data and population assumptions at the time of the analysis. In Scenario 1, the 
probability of a carcass with Salmonella positive DTLNs (PDTLN) was set to half of its baseline value. In Scenario 2, PDTLN was set 
to zero. In Scenario 3, Salmonella concentration in DTLNs (CDTLN) was set to half of its baseline value. In Scenario 4, CDTLN was 
set to zero. In Scenario 5, the weight of DTLNs from a single carcass contributing to ground pork (WDTLN_carc) was set to half of its 
baseline value. In Scenario 6, WDTLN_carc was set to zero. The alternative scenarios were run using baseline values for all other 
parameters in the model. 
*Significantly different from the mean probability of Salmonella contaminated ground pork from baseline scenario at the same 
level of Psurf_carc. 
Figures in bold represent the baseline value of Psurf_carc used in the model and the related results. 
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Figure 1. The production process of pork trim
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Figure 2. Schematic map of the quantitative risk assessment model. The left side displays a flowchart describing the changes in 
unit along the pork processing pathway, from carcasses, trim from fabricating carcasses, grinding load by mixing and grinding 
trim, to servings partitioned from grinding load. Trim includes deep tissue lymph nodes (DTLNs) represented by black dots and 
tissue other than DTLNs. Trim originated from c carcasses is loaded in one box. One grinding load consists of b boxes of trim. A 
single grinding load is then partitioned into g servings. Therefore, the number of Salmonella in a box is the sum of Salmonella 
number on the contributing carcasses and the number of Salmonella in a grinding load is the sum of Salmonella number in all the 
contributing boxes. The right side of the figure is a key that shows where the units are located in the two modules of the model.
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Figure 3. Distribution of estimated probability of Salmonella contaminated ground pork marked for mean value showing 
agreement with the available reported data in the United States. The horizontal dash line with black dots at two ends refers to the 
overall probabilities of reported Salmonella contaminated ground pork at processing plant and retail store based on published 
literature.  
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Figure 4. Histogram of mean probabilities of Salmonella contaminated ground pork for the 
comparison between baseline scenario and the six alternative scenarios 
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1Baseline scenario was run based on the baseline data and population assumptions at the time 
of the analysis. In Scenario 1, the probability of a carcass with Salmonella positive DTLNs 
(PDTLN) was set to half of its baseline value. In Scenario 2, PDTLN was set to zero. In Scenario 
3, Salmonella concentration in DTLNs (CDTLN) was set to half of its baseline value. In 
Scenario 4, CDTLN was set to zero. In Scenario 5, the weight of DTLNs from a single carcass 
contributing to ground pork (WDTLN_carc) was set to half of its baseline value. In Scenario 6, 
WDTLN_carc was set to zero. The alternative scenarios were run using baseline values for all 
other parameters in the model. For all alternative scenarios, there was no evidence to show 
the significant difference in the probability of Salmonella contaminated ground pork with the 
baseline scenario based on the t-tests (P-values > 0.05) 
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CHAPTER 5. GENERAL CONCLUSIONS 
Pre- and post-harvest interventions of Salmonella in swine source related food 
products are useful to reduce public health risk posed by consuming Salmonella 
contaminated pork products. The work of dissertation explored the approaches useful for the 
Salmonella intervention strategies in the farm-to-consumption continuum. To achieve this 
long-term goal, we focused on some less explored areas of pre- and post-harvest 
interventions, for example, the approaches for effective determination of the swine farms 
suitable for pre-harvest interventions and evaluation of post-harvest Salmonella control 
strategies using quantitative risk assessment modeling approach.  
Further, the thesis illustrates the breadth of tools I have been trained in as an 
epidemiologist and can apply to food safety.  In each chapter, a different approach to the 
application of epidemiological tools to food safety was used. Chapter 2 used traditionally 
associative observational study approach to identify high-risk farms.  Chapter 3 focused on 
measurement and diagnostic tools and illustrated key issues in molecular epidemiology as 
compared to molecular microbiology. That is, molecular microbiology catalogues differences 
between organisms with increasing frequency and employing a variety of methods. However, 
the role of molecular epidemiology in food safety is to associate those characteristics with an 
outcome. Using those association’s epidemiologists can then develop testable hypotheses that 
assess risk factors and interventions for complex food safety problems. Chapter 4 focuses on 
quantitative risk assessment as a tool frequently employed in food safety arena. The chapter 
illustrates the application of risk assessment to understand pathogens in the food production 
system.   
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The first study in the dissertation evaluated the ability of sub-iliac lymph nodes 
collected at abattoir to predict Salmonella status on swine farm and hence to identify the pre-
harvest intervention candidate farms. To achieve this objective, the association of farm fecal 
samples presenting Salmonella on-farm shedding and sub-iliac lymph nodes presenting at-
abattoir contamination was evaluated. The low frequency of Salmonella in sub-iliac lymph 
nodes suggests that these samples are not useful predictors of Salmonella contamination on 
farm. The impact of this work is very tangible. Using sub-iliac lymph nodes collected at 
abattoir to identify high-risk farms should not be further investigated, as our study shows it is 
unlikely to be effective. Other avenues need to be explored to solve the issue. 
The second study aimed to associate a Salmonella typing method, AFLP, with 
epidemiological units of swine production.  From this study, we concluded that AFLP is 
theoretically able to differentiate Salmonella isolates between the epidemiological unit farms 
and link abattoir contamination to the farm origin. However, the application of the method is 
likely limited by the need for large number of samples to characterize the farm. The impact 
of this work is that it documents a continued need to find ways to associate units of swine 
production and molecular typing methods if we are to be able to assess pre-harvest 
interventions. This topic will also be relevant to Methicillin-resistant Staphylococcus aureus 
(MRSA) in swine. For example, MRSA may well be prevalent on many swine farms and in 
the plants. If the industry considers adopting pre-harvest controls, the question is whether the 
current typing methods for MRSA enable assessment of the intervention on the carcass. The 
subtyping method is not linked to the epidemiologic unit, at which the interventions are 
conducted, bias all interventions toward to “no effect”. 
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The third study assessed the effectiveness of a post-harvest invention, removal of 
DTLNs, on food safety of ground pork, using the quantitative risk assessment modeling 
approach. Due to the minor changes in the probability of Salmonella contaminated ground 
pork when DTLN related input parameters were turned off and the stable impact of DTLNs 
at different level of Salmonella contamination from carcass surface. The study suggested that 
based on our hypothetical model of ground pork production DTLNs are unlikely have a 
meaningful impact on Salmonella contamination in ground pork especially when compared 
to other intervention strategies, such as mitigation of Salmonella on carcass surface.   
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The prevalence of Salmonella carcass contamination from slaughter to chilling: Using 
the systematic review method of literature 
A manuscript that will be submitted to Preventive Veterinary Medicine 
Annette M. O’Connor, Bing Wang, Yimin Liu, Thomas Denagamage, James McKean 
A systematic review was conducted to identify and summarize primary research 
studies, which describes the introduction and amplification of Salmonella spp. in pork from 
slaughter to cooler in the European Union (EU), the United Kingdom (UK), Scandinavian or 
developed nations on the Pacific Rim. Relevant studies documented Salmonella spp. 
prevalence at more than one processing point using the same cohort of pigs or the same 
production line for the post-cooler component.  
      A total of 6811 citations were retrieved by the searches. Sixteen publications, 
describing 44 studies, evaluated the presence of Salmonella on pork carcasses. The carcass 
sampling points evaluated were: immediately after bleeding, after stunning, after scalding, 
after dehairing, after singeing, after polishing, after evisceration, after washing and after 
cooling. Seventy-eight comparisons of Salmonella spp. prevalence between points along the 
processing line were reported.  The median prevalence of Salmonella spp. positive carcasses 
evaluated in the cooler was 0% (range).  This compares favorably to the median prevalence 
of Salmonella spp. after bleeding of 32%.  Nineteen point-to-point changes showed an 
increase in Salmonella prevalence as the carcass moved toward the cooler, of these 6 
reported a greater than 10% increase in Salmonella prevalence. The majority of increases 
were associated with post evisceration, splitting and chilling. Fifty-nine of the 78 point-to-
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point comparisons were associated with either no change or a decrease in Salmonella 
prevalence. These findings suggest that generally the processing procedures in place resulted 
in decreased carcass contamination as the carcasses moved toward the cooler.   
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PCR-based Molecular Typing Methods for Tracking Foodborne Microorganisms 
In: Molecular typing methods for tracking foodborne microorganisms. The book will be a 
part of a broader book series – Advances in food safety and food microbiology. This book 
will be published by Nova Publishing Inc., New York, 2011 
Jing Han, Yang Wang, Zhangqi Shen, Bing Wang, Hailin Tang, Joseph Meehan, Congming 
Wu, and Jianzhong Shen 
Bacterial foodborne diseases have become a growing health problem worldwide. 
Recent report from CDC indicated that bacterial foodborne pathogens contribute to 3.6 
millions infection and 861 deaths each year in the United States alone. The ability to identify 
the primary sources of bacterial contamination from which human infection originated would 
be of great value in reducing the incidence of foodborne disease and are important to 
improve public health, and therefore, a number of PCR-based genotyping methods have been 
developed for bacterial source tracking during the last three decades. In this book chapter, we 
review the current commonly used PCR-based typing methods: Repetitive Element PCR 
(rep-PCR), Amplified Fragment Length Polymorphisms (AFLP), Infrequent-Restriction-Site 
PCR (IRS-PCR), Restriction Fragment Length Polymorphism PCR (PCR-RFLP), and 
Random Amplified Polymorphic DNA PCR (RAPD-PCR). For each of the methods 
reviewed, an introduction of the method is followed by the description of the procedure, then 
examples of the applications of the methods in the epidemiological studies are given, and its 
strengths and weaknesses are discussed. 
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Molecular characterization of methicillin-resistant Staphylococcus aureus strains from 
pet animals and veterinary staff in China 
The Veterinary Journal, In press, 2011 
W.J Zhang, Z.H Hao , Y. Wang , X.Y. Cao , C.M. Logue, B. Wang, Y. Wang , J.Z. Shen  and 
C.M. Wu 
The aim of this study was to determine the epidemiology of methicillin-resistant 
Staphylococcus aureus (MRSA) isolates colonization in pet animals and veterinary staff and 
the characteristics of these isolates. Nasal swabs were taken from dogs, cats and veterinary 
staff in six pet hospitals located in six geographically distinct Chinese cities. A total of 22 
MRSA isolates of 2796 nasal samples were recovered, with the prevalence of 0.8% (21/2745, 
0.4-1.1%) from pet animals and 2.0% (1/51, 0-5.8% ) from veterinary staff. These MRSA 
isolates were characterized by plused-field gel electrophoresis (PFGE), antimicrobial 
resistance pattern, Panton-Valentine leukocidin PCR, staphylococcal chromosomal cassette 
(SCC) mec typing, spa tying, and multilocus sequence typing (MLST). All MRSA strains 
were resistant to penicillin, oxacillin, azithromycin, clindamycin and ceftriaxone. The lukF-
lukS gene was not detected in all MRSA isolates. Of the 21 MRSA isolates available for 
analysis, a total of two PFGE types   (A and B) were identified. All 18 MRSA strains derived 
from Qingdao were determined to be ST59-MRSA-Ⅳ-spa t437. Four MRSA isolates derived 
from Beijing belong to ST398-MRSA-Ⅴ-spa t034 and ST239-MRSA-Ⅲ-spa t030 profiles. 
Our results suggested that cross-transmission of MRSA between pet animals and veterinary 
staff may have occurred. 
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Effect of oral meloxicam on performance and health of stocker calves after castration 
Journal of Animal Science, In review, 2011 
Johann F. Coetzee, Lily N. Edwards, Ruby A. Mosher, Annette M. O’Connor, Bing Wang, 
Butch KuKanich, Dale A. Blasi 
Castration in weaned calves is stressful and affects profitability by reducing ADG and 
increasing susceptibility to disease.  This study investigated the effect of meloxicam, a non-
steroidal anti-inflammatory drug (NSAID), on performance and health of stocker calves after 
surgical castration.  British × Continental bulls (n= 145) and steers (n=113) (BW = 193 – 285 
kg) were transported for 12 h in 3 truckloads (d 0), weighed and randomly assigned to 
treatment with either lactose placebo (CONT; 1 mg/kg) or meloxicam (MEL; 1 mg/kg) 
suspended in water and administered per os, 24 h prior to castration. On d 1, bulls were 
surgically castrated (CAST) and steers were submitted to simulated castration (SHAM). 
Treatment groups were penned in groups of 8-14 and not mixed. Plasma meloxicam 
concentrations at the time of castration (d 1) were determined by mass spectroscopy. Pen 
level ADG and DMI and G:F ratio was estimated using BW obtained on d 0, d 14 and d 28 
and weigh back of feed. Individual animals were classified as sick based on a depression 
score of ≥ 2 on a 5-point scale and a rectal temperature of ≥ 39.78°C. On d 0, 1 and 14, calf 
chute temperament was evaluated using a 4-point scale. Data were analyzed using mixed 
effects regression models and survival curve analyses. Castration reduced pen ADG from d 1 
– d 14 (p < 0.001) and d 1 – d 28 (p< 0.03). MEL administration was not associated with 
higher pen ADG in castrated calves (p=0.48) or steers (p= 0.29). There was no difference in 
performance between groups from d 15 – d 28 (p>0.27). Pen DMI from d 1 – d 28 was 
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higher (p=0.038) and G:F was lower (p = 0.0095) in CONT-CAST compared with CONT-
SHAM but no different between MEL-CAST and MEL-SHAM calves. MEL treatment 
reduced the individual animal first pull rate in CAST calves by 41% (p= 0.04) and reduced 
bovine respiratory disease (BRD) morbidity rate by 49% (p=0.14). Cumulative pull rate 
(p=0.016) and cumulative BRD treatment rate (p=0.023) was higher in CONT-CAST 
compared with MEL-CAST calves. Mean plasma drug concentrations at castration were 
similar between MEL treatment groups (p= 0.87). MEL administration prior to castration in 
post-weaning calves reduced the number of animals requiring treatment by feedlot personnel 
and the overall cumulative BRD morbidity rate. These results have implications for 
developing pain mitigation strategies using NSAIDs in calves at castration with respect to 
addressing both animal health and welfare concerns. 
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Lesion Severity at Processing Plant Used as a Measure of Pig Health to Predict the Risk 
of Salmonella Contamination 
American Journal of Veterinary Research, In press, 2011 
H. Scott Hurd, Michael J. Yaeger, Jean M. Brudvig, Daniel D. Taylor, Bing Wang 
Objective: To measure the relationship between gross lesions in swine carcasses 
observed at processing plant and Salmonella contamination, and to determine whether a 
layman’s processing-line assessment of lesions correlates with judgment of experienced 
swine pathologists.  
Animals: 358 carcasses were selected over four replicates of both conventionally 
raised and antibiotic free pigs in a Midwest processing plant from December 2005 to January 
2006.  
Procedures: For each replicate, lesioned and non-lesioned carcasses were identified 
after evisceration by a layman data collector based on the presence of visceral adhesions 
(initial call). Carcass swabs were taken before the final rinse and cultured qualitatively for 
Salmonella and Enterococcus. Three pathologists scored the severity of lesions by viewing 
digital photos taken at initial call, on a scale of 0 to 18.  
Results: Logistic regression analysis showed the probability of Salmonella 
contamination in lesioned carcasses was 90% higher than in non-lesioned based on initial call 
(Odds Ratio = 1.9, 95% CI = 0.9-4.0) with the adjustments of replicate and antibiotic use. 
Receive Operating Characteristic curve and Kappa value indicated a very close agreement 
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between positive initial call and lesioned carcasses redefined by three pathologists’ viewing 
of photos (total pathologist scores > 2).  
Conclusions: This study showed a correlation between swine carcass lesions and 
Salmonella contamination, and demonstrated that layman’s processing-line assessment of 
lesions can be used to discriminate between healthy and chronically affected animals just 
prior to entering the human food chain. This study demonstrates the quantitative impact of 
swine health on public health risk. 
